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ABSTRACT 
 
In water filtration processes, the employment of polymeric membranes has become 
increasingly popular over the past few decades. However, the application of membrane 
processes is often limited due to the low fluxes and membrane failures caused by 
fouling and low membrane durability, which eventually leads to high operating costs in 
comparison with conventional processes. These limitations could be overcome by the 
development of high performance membranes with enhanced properties through a cost 
effective method. 
 
This thesis explores the preparation of high performance poly(vinylidene fluoride) 
(PVDF) membranes with the use of inorganic silica particles via a conventional 
immersion precipitation method and from an amphiphilic graft copolymer. A technique 
to improve the performance of PVDF membranes fabricated via immersion precipitation 
has been developed, which involves using inorganic silica (SiO2) particles during the 
preparation of the dope solution, followed by subsequent acid or alkaline treatments of 
the resultant membranes. By removing the SiO2 particles from the membrane substrates 
using either an acid or alkaline treatment, the resultant membranes exhibit an 
interconnected porous structure accompanied by a significant improvement in the water 
permeability. Due to the poor mechanical strength demonstrated by the NaOH treated 
membranes, detailed investigations of the stability of PVDF membranes in NaOH 
solutions are carried out on hollow fibre membranes prepared from different raw 
materials. Hollow fibre membranes exhibit different degrees of chemical degradation 
upon exposure to a sodium hydroxide solution under various conditions. Also, a 
simplified method has been developed as a cost effective way for the preparation of 
PVDF membranes with improved hydrophilicity, fouling resistance and water 
permeability from the amphiphilic graft copolymer, PVDF-g-PEGMA, which has a 
PVDF backbone and poly(ethylene glycol) methyl ether methacrylate (PEGMA) side 
chains. By eliminating three common steps involved during the conventional 
preparation method, the use of chemicals and energy can be substantially reduced.   
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CHAPTER 1 
Introduction 
 
1.1 Background 
Membrane separation processes have been employed for more than fifty years in water 
or wastewater treatment applications, where their separation performance and efficiency 
from a technical and economical point of view have been proven to be at least 
comparable to or higher than other conventional processes. Following a remarkable 
invention by Loeb and Sourirajan in the 1960s who first developed commercial 
membranes via the phase inversion process [1], the emergence and development of 
synthetic membranes have been recognised, and several major membrane processes 
including reverse osmosis (RO), microfiltration (MF), ultrafiltration (UF) and 
nanofiltration (NF) have been developed and established with large units installed 
worldwide. In 1994, these processes together generated municipal drinking water at a 
rate of approximately 3.6 million m3/day worldwide [2]. Meanwhile, the employment of 
membrane processes for on-site industrial wastewater treatment in the paint, metal 
plating and wire drawing industries have enabled the recovery of valuable components 
such as paints and oils from waste streams [3].  
According to a survey of the scientific and patent literature, more than 130 materials 
have been used to produce membranes; however, only a few have achieved commercial 
status [4]. Examples of commercialised polymeric membrane materials are cellulose 
acetate, polyamide, polyimide, polysulfone, polypropylene and poly(vinylidene 
fluoride). Poly(vinylidene fluoride) (PVDF) has gained growing recognition as an 
excellent membrane material after being commercially introduced in the 1960s, owing 
to its outstanding thermal stability and chemical resistance. It remains inert to many 
corrosive materials including halogens, oxidants, inorganic acids (apart from fuming 
sulphuric acid), as well as aliphatic, aromatic and chlorinated solvents [5], properties 
which surpass many other conventional membrane materials. Due to its ease of 
dissolution in common organic solvents such as N,N-dimethylacetamide (DMAc), N-
methyl-2-pyrrolidone (NMP) and dimethylformamide (DMF) [6], PVDF membranes 
can be produced via a phase inversion immersion precipitation method. 
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However, there are still some drawbacks for PVDF membranes which limit the further 
development and application of PVDF membranes in the area of purification and 
separation of aqueous solution systems such as drinking water production, wastewater 
treatment and bio-separation. The critical problems lie in the low surface energy of 
PVDF resulting in poor wettability of PVDF membranes and low pure water flux. In 
addition, the hydrophobic PVDF membranes are often susceptible to fouling whilst 
treating aqueous solution containing natural organic matters e.g. proteins. These factors 
often lead to the low membrane fluxes and membrane failures caused by fouling and 
low membrane durability, which eventually leads to high operating costs. 
As a result of these factors, considerable effort has been devoted to the fabrication of 
PVDF membranes with improved water permeability, hydrophilicity and fouling 
resistance for water and wastewater treatment applications [7-11]. One of the 
techniques, that is, the incorporation of inorganic particles into a polymer solution 
during membrane preparation can be considered as an efficient technique to enhance the 
water permeability of PVDF membranes [10,12-15]. However, most of the studies 
involve the preparation of PVDF-inorganic composite membranes via the immersion 
precipitation method or by using a thermally induced phase separation method during 
membrane preparation. A versatile method to improve the water permeability of a 
membrane containing inorganic particles using the conventional immersion 
precipitation method would be useful, particularly in large scale membrane production.    
Blending of amphiphilic graft copolymer with dope solutions during the preparation of 
PVDF membranes has been reported to improve the membrane hydrophilicity and 
fouling resistance properties [16-18]. Amphiphilic graft copolymer has good 
compatibility with the PVDF matrix and provides engineered surface properties such as 
fouling resistance when blended with the dope solution. However, the overall procedure 
for the preparation of hydrophilic PVDF membranes from amphiphilic graft copolymers 
involves a number of steps from polymerisation up to the preparation of the polymer 
solution, and consequently their actual implementation in industrial scale production 
may not be economical and practical. A reduction in the number of steps involved in the 
preparation is necessary for the globalisation of this technique in industrial production. 
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1.2 Thesis objectives 
The objective of this thesis is the development of PVDF membranes with improved 
water permeability by using either inorganic particles or amphiphilic graft copolymer. 
In this study, inorganic silica (SiO2) particles are incorporated into PVDF membranes 
during the preparation of the dope solution, whereby the entrapped particles in 
membrane matrix are then removed by a treatment using either acid or alkaline solution.  
 
The following objectives are to investigate the stability of PVDF membranes in caustic 
environment. The effects of treatment using a sodium hydroxide (NaOH) aqueous 
solution on the properties of PVDF membranes prepared from different PVDF raw 
materials are studied in order to understand the degree of tolerance of PVDF in caustic 
environments during chemical cleaning or treatment. Subsequently, a simplified method 
for preparing hydrophilic PVDF membranes from amphiphilic graft copolymer is 
introduced for the purpose of simplifying the steps involved during the preparation, as 
well as reducing the overall costs. The specific thesis objectives are summarised as the 
following:    
1.2.1 PVDF flat sheet membranes with SiO2 as an additive    
 1) To prepare and characterise PVDF flat sheet membranes with various 
concentrations of inorganic SiO2 particles via the immersion precipitation 
method. 
 2) To determine the optimum preparation parameters for hollow fibre spinning. 
 3) To study the effect of sodium hydroxide treatment on the properties and 
performance of the resultant membranes. 
 
1.2.2 The effect of acid or alkali treatment of PVDF hollow fibre membranes 
containing SiO2 particles 
1) To prepare and characterise PVDF hollow fibre membranes with inorganic SiO2 
particles via the immersion precipitation method. 
2) To investigate and to compare the effect of treatment using the sodium 
hydroxide (NaOH) solution or hydrofluoric (HF) acid on the removal of SiO2 
particles from the resultant membrane, as well as the membrane properties and 
performance. 
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1.2.3 Stability of PVDF hollow fibre membranes in sodium hydroxide solution 
1) To prepare PVDF hollow fibre membranes from three different raw materials, 
namely Kynar 761, Solef 1015 and Solef 6010. 
2) To investigate the stability of the fabricated hollow fibres in a sodium hydroxide 
aqueous solution by using various characterisation techniques including surface 
area analysis, Fourier Transform Infra-Red (FTIR), X-Ray Diffraction (XRD), 
and Differential Scanning Calorimetry (DSC). 
3) To establish the effect of using different raw materials and the sodium hydroxide 
treatments have on the properties of resultant hollow fibres. 
 
1.2.4 PVDF flat sheet membranes with amphiphilic graft copolymer 
1) To develop a simplified method for the fabrication of hydrophilic PVDF 
membranes from amphiphilic graft copolymer, poly(vinylidene fluoride) graft 
poly(ethylene glycol) methyl ether methacrylate (PVDF-g-PEGMA). 
2) To characterise and to investigate the viability of PVDF membranes developed 
from the aforementioned method. 
 
1.2.5 Hydrophilic PVDF hollow fibre membranes    
1) To demonstrate the viability of the simplified method for the fabrication of 
hydrophilic PVDF hollow fibre membranes. 
2) To establish the effect that variations in the preparation parameters and spinning 
parameters have on the hollow fibre membrane properties, in terms of 
morphology, hydrophilicity, water permeability and mechanical strength. 
1.3 Thesis structure and organisation 
This thesis is comprised of eight main chapters. Chapter 1 describes the overview of the 
thesis and its objectives and briefly explains the motivations of the project. Chapter 2 
outlines the current and potential applications of PVDF membranes and describes their 
preparation using a phase inversion process and various hydrophilic modification 
techniques. The crystalline properties, thermal and chemical stabilities of PVDF 
polymer are also discussed. Chapter 3 describes the preparation of PVDF flat sheet 
membranes with the addition of silica particles via the phase inversion immersion 
precipitation process. The effects of different silica/PVDF ratios and sodium hydroxide 
treatment on the resultant membranes are discussed. Chapter 4 discusses the effects of 
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acid and alkali treatment on the removal of silica particles from PVDF hollow fibre 
membrane, as well as how these treatments would affect the hollow fibre performance 
and mechanical strength. In Chapter 5, the stability of hollow fibre membranes 
fabricated from three different raw materials, namely Kynar 761, Solef 1015 and Solef 
6010 and treated with the sodium hydroxide aqueous solution are discussed. The effects 
of sodium hydroxide treatment on various aspects of the resulting membrane properties 
are investigated using various analytical techniques such as surface area analysis, FTIR 
equipped with an Attenuated Total Reflection (ATR) attachment, XRD and DSC 
analyses. 
 
Chapter 6 explores the development of a simplified method for the preparation of 
hydrophilic PVDF flat sheet membranes from amphiphilic graft copolymer as an 
attempt to reduce the number of steps and the overall costs involved in the preparation 
procedure. The effectiveness of the developed method in terms of membrane 
hydrophilicity and fouling resistance properties are investigated, as well as the 
membrane morphology and surface roughness. Chapter 7 describes the fabrication of 
hydrophilic PVDF hollow fibre membranes and the effect that variations in the many 
parameters that are relevant during the preparation of dope solution and hollow fibre 
spinning process have on the membrane morphology and performance. Finally, Chapter 
8 is a summary of the main conclusions made from this work covering various 
important findings from Chapter 3 to Chapter 7, followed by some suggestions for 
future work on this subject.  
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CHAPTER 2 
Literature Review 
 
2.1 Introduction 
Since 1960s, when the first commercial membrane was invented via phase inversion 
method [1], significant milestones in the development of membrane separation 
technologies have been scientifically and commercially achieved. Following the 
remarkable invention, several major processes including reverse osmosis, ultrafiltration, 
microfiltration and gas separation have been established in large scale membrane 
production. Nowadays, the applications of membrane technologies cover almost every 
industrial sector including environmental, electronic, energy, chemical and 
biotechnologies areas. 
Currently, much effort is being devoted to improve the performance of the existing 
membranes in terms of anti-fouling properties, high mechanical strength and good 
chemical resistance. The emergence of new membrane processes such as membrane 
contactor, membrane distillation or membrane reactor have also received great attention 
from researchers in the recent years. These developments have been motivated by the 
needs in the industrial sectors to reduce the overall operational costs compared to the 
conventional separation processes as well as broaden the membrane applications. 
Poly(vinylidene fluoride) (PVDF) has received great attention as a membrane material 
with regard to its outstanding properties such as high mechanical strength, thermal 
stability, chemical resistance, and high hydrophobicity, compared to other 
commercialised polymeric materials. PVDF membranes have been extensively applied 
in ultrafiltration and microfiltration for general separation purposes, and are currently 
being explored as potential candidates in the applications of membrane contactor and 
membrane distillation [2-10]. 
Several studies have reported the development and applications of PVDF membranes 
since the 1980s [11-14]. To date, remarkable progress has been made in the fabrications 
of PVDF membranes with high performance for the applications in membrane 
distillation, membrane contactor as well as in wastewater treatment. Nevertheless, 
fabrication of high performance PVDF membrane remains challenging and is hard to be 
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achieved. This led to the present chapter which aims to comprehensively review 
available literature associated with the progress and production of PVDF membranes 
particularly in flat sheet and hollow fibre configurations. Special emphasis is given on 
the effects of various parameters involved in the preparation of membranes from phase 
inversion process to hydrophilic modification of PVDF membranes. 
2.2 Considerations of using PVDF as a membrane material 
In the recent years, PVDF has become one of the more popular membrane materials. 
Comparing with the conventional materials such as polysulfone (PS), polyethersulfone 
(PES) and polyimide (PI), PVDF is relatively more hydrophobic, although the 
hydrophobicity may not be as high as polypropylene (PP) and polytetrafluoroethylene 
(PTFE). The hydrophobicity of materials is often associated with their surface tensions; 
the critical surface tensions of major polymeric membrane materials are listed in Table 
2.1 [13]. Since the fabrication of PP and PTFE membranes via phase inversion process 
is limited due to the complexity in solvent selection, PVDF remains the best option of 
membrane material for the applications such as membrane distillation and membrane 
contactor [9]. 
 
Table 2.1 Critical Surface Tensions of Major Polymeric Membrane Materials [13]. 
 
Polymer 
Critical Surface Tension 
(mJ/m2) 
Polyacrylonitrile (PAN) 44 
Polysulfone (PS) 41 
Polyphenylene oxide (PPO) 41 
Polyethylene (PE) 31 
Polypropylene (PP) 29 
Polyvinylidene Fluoride (PVDF) 25-29 
Polyfluoroethylene (PFE) 22 
Polytetrafluoroethylene (PTFE) 19 
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This is because PVDF easily dissolves in common organic solvents; as a result, porous 
PVDF membranes can be produced via phase inversion method by a simple immersion 
precipitation process. Furthermore, the excellent thermal stability of PVDF has made it 
interesting as a membrane material in a wide range of industrial applications. 
PVDF is also advantageous over other membrane materials due to its high mechanical 
strength and excellent chemical resistance, in which these properties make it suitable for 
wastewater treatment. By possessing low level of extractables, PVDF can be considered 
as a pure polymer; which makes it a suitable candidate in biomedical and bio-separation 
applications. Unlike other crystalline polymers, PVDF exhibits thermodynamic 
compatibility with other polymers such as poly(methyl methacrylate) (PMMA) over a 
wide range of blend compositions [15,16], where this characteristic can be useful in the 
fabrication of membrane with the desired properties. PVDF can be further chemically 
modified to obtain some specific functions [17,18], and can be cross-linked when 
subjected to electron beam radiation or gamma radiation [19,20]. 
2.2.1 Crystalline properties of PVDF 
PVDF is a semi crystalline polymer that usually contains 59.4 wt% fluorine and 3.0 
wt% hydrogen [21]. The commercial PVDF is generally produced by polymerisation in 
emulsion or suspension using free radical initiators, forming a repeating unit of -CH2-
CF2-. The spatial arrangement of the CH2 and CF2 groups along the polymer chains can 
contribute to the unique properties of PVDF generated from its crystalline structure. 
Generally, polymer crystallinity and the resultant membrane morphology are among 
important factors in determining the mechanical strength properties, as well as the 
impact resistance of the membranes. PVDF chains can crystallise into at least four 
distinct phases or forms, which are α (form II), β (form I), γ (form III) and δ (form IV) 
[22,23]. It is well known that the most common polymorph of PVDF is α-phase with the 
molecular chain conformation of trans-gauche (TGTG’) placing the H and F atoms 
alternately on each side of the chain. The degree of the crystallinity of PVDF can range 
between 35 and 70%, and can be determined by measuring the specific volume of 
crystalline and amorphous phases [24,25]. Crystallisation of PVDF is controlled by a 
number of variables including molecular weight, molecular weight distribution, 
polymerisation method, thermal history and cooling rates [26]. It is important to 
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understand the effects of fabrication conditions on the crystalline phase formed in order 
to have a proper control on the properties of the resultant membrane. 
Cheng investigated the effect of precipitation temperature on the morphology and 
crystalline structure of PVDF membranes prepared by 1-octanol/DMF/PVDF and 
water/DMF/PVDF systems [27]. Different temperatures of 25°C and 65°C were 
employed in the coagulation bath during membrane formation. Because crystallisation 
had preceded the liquid-liquid demixing, a symmetric membrane with uniform spherical 
PVDF crystallites was obtained at lower temperature. On the other hand, an asymmetric 
membrane comprised of dense skin layer and cellular structure was formed at a higher 
temperature as a result of liquid-liquid demixing. The crystallites present in the resultant 
membrane are believed to be a mixture of α and β forms (which is largely in β-form). 
In addition, Wang et al. observed a similar effect of coagulation bath temperature on the 
crystallinity, where the membrane fabricated from 15°C bath temperature exhibited 
greater crystallinity than the one prepared from 60°C coagulation bath [28]. They also 
found that membrane precipitated at 60°C only showed a typical α crystal structure, 
while at 15°C the PVDF crystallites consisted of a mixture of α and β crystal forms. 
Other than the precipitation temperature, coagulation medium is another factor affecting 
the crystal structure and morphology of PVDF membrane. Cheng et al. discovered that 
the presence of 1-octanol in both the coagulation bath and casting solution resulted in 
the formation of PVDF membrane dominated by the crystallisation process [29]. When 
the crystallisation precedes liquid-liquid demixing, the size of particulate formed was 
observed to have decreased with increasing 1-octanol content in dope solution. 
There have been studies reporting the effect of polymer dissolving temperatures during 
the preparation of membrane solution on the morphology and structure of PVDF 
membrane [30,31]. Lin et al. dissolved PVDF in N,N-dimethylformamide (DMF) at 
different temperatures and immersed the cast membranes in 1-octanol coagulation bath. 
Interestingly, they observed the formation of larger spherulites in membrane 
morphology when the dissolving temperature was increased, though the crystallinity of 
all membranes remained unaffected and all membranes exhibited α-type crystal 
structure [30]. Wang et al. also observed remarkable changes on the morphology of 
PVDF membranes prepared from various temperatures in N, N-dimethylacetamide 
(DMAc) with water as a coagulation medium [31]. In their study, the cross sections of 
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all membranes were found to be composed of an interconnected structure with cavities 
and are of α-type crystal structure, though the size of the cavities becomes larger with 
the increase in the dissolving temperatures. 
Several methods have been identified in measuring the degree of different crystal forms 
in PVDF. Benz and Euler determined the crystalline phase compositions by 
quantitatively measuring the degree of α, β, and γ crystallinity in PVDF thin films using 
infrared (IR) spectroscopy [32]. Gregorio applied Fourier transform infrared (FTIR) 
spectroscopy and X-ray diffraction (XRD) to determine the three crystalline phases 
formed in films, prepared at different conditions [33]. Similar methods have been 
employed by Buonomenna et al. to identify the crystalline phases of the membranes 
prepared from various alcohols as the coagulants [34]. Detailed investigations on the 
formation of crystalline structure at different membrane formation conditions have been 
made, and the relationship between crystallisation and membrane properties such as 
morphology and mechanical strength has been discussed in their study. 
2.2.2 Thermal stability of PVDF 
It is well known that the excellent thermal stability of PVDF has made it popular in a 
wide range of applications. In general, fluoropolymers are thermally more stable than 
hydrocarbon polymers. The high electronegativity of fluorine atoms on the chain and 
the high bond dissociation energy of the C-F bond provide the high stability of the 
fluoropolymers. Although generally stable and inert, PVDF polymer has been observed 
to experience degradation during high temperature operations. Madorsky and co-
workers were first to extensively study the thermal degradation of PVDF polymer at 
moderate and high temperatures in vacuum [35]. Their results from the pyrolysis under 
vacuum demonstrate that the mechanism of thermal degradation in PVDF polymer is 
predominated by the loss of hydrogen fluoride (HF), or occasionally referred as 
dehydrofluorination, consequently led to several chemical reactions including the 
formation of carbon-carbon double bonds (-C=C-) or cross-linking of the polymer. 
Figure 2.1 shows the schematic diagram of the possible mechanisms of 
dehydrofluorination in PVDF. Other possible reactions such as the formation of free 
radicals were also proposed by Madorsky. 
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Figure 2.1 Schematic diagram of the mechanism of dehydrofluorination in PVDF (a) 
formation of double bonds in the chain and (b) crosslinking of the polymer 
[35]. 
Nguyen provided a systematic review on the thermal stabilities of PVDF based on the 
available literatures that reported about their investigations on the degradation processes 
conducted at early stages [36]. General agreement was made based on the literatures 
concerning the mechanism of the PVDF polymer degradation process. PVDF is 
thermally degraded primarily by the evolution of HF (dehydrofluorination) and 
followed by the formation of double bonds. 
Meanwhile, Lovinger and Reed observed an inhomogeneous thermal degradation of 
PVDF, which had been crystallised at a high temperature (~160°C) [37]. They 
discovered that various spherulitic forms in PVDF degraded differently, causing an 
inhomogeneous discolouration of the samples. This degradation process took place 
predominantly in the crystalline regions and not in the amorphous segment, which is an 
uncommon phenomenon observed in other polymers. The primary mechanism of the 
degradation process was dominated by the elimination of HF with a little chain scission 
or cross-linking. The compositional and conformational changes on the molecular 
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chains resulted from the heat treatment were demonstrated by the presence of numerous 
extra absorption bands in the infrared spectrum as a result of the crystallising process 
for a prolonged period of time. 
While the thermal degradation of polymers has been widely investigated using various 
methods such as thermogravimetric analysis and pyrolysis gas chromatography, 
Furusho and co-workers conducted a study on the thermal degradation of several 
halogen-containing polymers including PVDF, using a Torsional Braid Analysis (TBA) 
method [38]. PVDF was observed to be among the most thermally stable halogen-
containing polymers in their study. Benzinger et al. evaluated the thermal stability of a 
commercial Kynar PVDF ultrafiltration membrane using spiral-wound modules at a 
higher temperature [39]. During continuous operation at 85.6°C, while keeping the 
pressure constant for 7 months, no evidence of thermal degradation was observed on the 
PVDF membrane. 
Table 2.2 shows the thermal properties of the PVDF material mainly used in the 
membrane fabrications. A comparison of the PVDF thermal stability with its 
competitive materials including polypropylene (PP), polyethylene (PE), 
polytetrafluoroethylene (PTFE), polysulfone (PS), polyethersulfone (PES) and 
polyimide (PI) are also provided in the table. 
Table 2.2 Thermal stabilities of PVDF compared with various polymers. 
Thermal stability PVDF PP PE PTFE PS PES PI 
Melting point (°C) 140-170 130-170 118-146 310-385  340-390 350-390 
Glass transition 
temperature (°C) 
-41/-38 2.0/10 
-118/ -
127 
 185 225 120/370 
Thermal stability, 
1% mass loss, in 
air (°C) 
375     400  
Linear thermal 
expansion 
coefficient 10-6/°C 
50-103 
or 120-
140 
140-180  14-250 
28.8-
103 
55 55 
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2.2.3 Chemical resistance of PVDF 
PVDF generally possesses distinction chemical stability against most of the chemicals, 
including a wide range of harsh chemicals such as halogens and oxidants, inorganic 
acids, as well as aliphatic, aromatic and chlorinated solvents. Based on the information 
provided by one of the major PVDF suppliers, Arkema Inc. (Kynar® PVDF Chemical 
Resistance, www.arkema-inc.com), the chemical stability of PVDF against the 
abovementioned chemicals can be considered as almost excellent. However, the 
excellent chemical stability of PVDF does not particularly apply to strong base 
solutions or to esters and ketones. Therefore, with regard to the application of PVDF 
membranes, especially in membrane contactors for acid gas absorption or wastewater 
treatment, where PVDF membranes are being exposed to strong alkaline solution and 
subjected to frequent chemical cleaning involving a significant amount of alkaline, the 
stability of PVDF membranes is of a particular concern. 
To date, only a few studies have been found with respect to the chemical stabilities of 
PVDF membranes [36,40-42], to be associated with such applications. Nguyen provided 
a comprehensive review on the degradation of PVDF, yet little information about the 
degradation of PVDF caused by alkaline solutions was mentioned [36]. Early 
investigations reported the observations of the discolouration of PVDF from white to 
brown and finally black upon immersion into alkaline solutions for a few hours [40,41]. 
Shinohara observed that the colour of oxyfluorinated PVDF film became darker as a 
result from the hot alkali treatment, demonstrating the formation of C=C bonds caused 
by the dehydrofluorination in polymer chain [41]. Komaki and Otsu observed that 
PVDF film shrinks and becomes brittle with a deep colour when immersed into sodium 
hydroxide solution containing ethanol [42]. Further investigations by Hoa and Ouellette 
demonstrated that the chemical attack of sodium hydroxide on PVDF could be 
accelerated by imposing strain, and cracks could occur when sufficient strain is applied 
[43]. They indicated that NaOH solution chemically attacked PVDF in α conformation 
and observed discolouration of PVDF specimens upon immersion in NaOH solution. 
Meanwhile, Kise and Ogata studied the reaction between PVDF powder and aqueous 
NaOH solutions with or without the presence of quaternary ammonium or phosphonium 
halides as phase transfer catalysts [44]. The colour change of PVDF was observed after 
a few hours of immersion in an aqueous NaOH solution at a high temperature, and the 
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reaction had been accelerated with the presence of tetrabutylammonium bromide 
(TBAB) as a catalyst yielding a fine black powder. Fourier transform infra-red (FTIR) 
results demonstrated the formation of carbon-carbon double and triple bonds due to the 
elimination of HF molecules. Similar conclusions were drawn by Wegener et al. in their 
study on PVDF film dissolved in NaOH as a catalyst in dimethylsulfoxide (DMSO) and 
acetone mixture [45]. The dehydrofluorination of PVDF led to partial degradation of the 
fluorocarbons and to the formation of carbon double and triple bonds, as examined by 
UV-vis spectroscopy and FTIR analyses.    
Kuhn et al. employed FTIR-ATR (Attenuated Total Reflectance) technique in 
examining the structure of dehydrofluorinated PVDF film surface by aqueous NaOH 
solution with the use of tetrabutylammonium hydrogen sulfate (TBAH) as phase 
transfer catalysts [46]. Their results revealed that the elimination of the HF unit resulted 
in the formation of carbon-carbon double bond with some formations of conjugated 
double bonds, though the conjugation might be incomplete due to the presence of head-
to-head and tail-to-tail chain irregularities. 
A long term study on the effect of different types of acids, bases, and oxidants including 
NaOH solution on PVDF membrane was conducted by Benzinger et al. [39]. It was 
found that PVDF membranes have an excellent stability to harsh chemicals such as 
acids, strong oxidants and many organic solvents, but poor stability when exposed to a 
concentrated NaOH solution for three months. Similar findings were obtained by Vigo 
et al. on the effect of NaOH solutions on PVDF membranes [47]. While no particular 
effect was observed on the performance of PVDF membranes which had been exposed 
to water, wool scouring wastewater, acids, calcium chloride and sodium bisulfite at 
different concentrations, the performance of PVDF membranes was affected by the 
concentrated sodium hydroxide and sodium hypochlorite solutions. In addition, the 
mechanical strength of the membranes tested by bursting pressure was also reduced 
when exposed to concentrated sodium hydroxide and sodium hypochlorite. 
Based on the information described as above, several conclusions can be made: (1) 
sodium hydroxide solution chemically attacks PVDF in α conformation and 
decolourised it; (2) the chemical attack/reaction of sodium hydroxide on PVDF could be 
further accelerated by the increase in temperature and the presence of catalysts. There 
are many factors that can affect the chemical resistance of PVDF membranes, including 
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the exposure time, chemical concentrations, temperature, pressure, frequency of the 
attack cycles, and the type of mechanical stress imposed. Related research will be of 
significance but remains challenging.  
2.2.4 Comparison of currently available materials 
Arkema Inc., USA (or previously known as Atofina Chemicals Inc. or Elf Atochem) 
and Solvay, Belgium are the two major worldwide suppliers of PVDF, especially for 
membrane fabrications. There are also several other localised PVDF manufacturers in 
other countries, including Japan and China. Table 2.3 provides the detailed information 
about the PVDF materials mainly employed in membrane fabrications. 
2.3 Preparation of PVDF membranes 
Preparation of PVDF membranes had started mainly from the early 1980s [11,12,14]. 
Several methods are employed in the fabrication of PVDF membranes and these include 
phase inversion, use of inorganic particles as a filler or as an additive, sintering, and 
track etching [12,14,48-53]. To date, most of the commercial membranes are produced 
via phase inversion methods mainly because of its simplicity and flexible production 
scales. Thus, this helps to maintain the low cost of production [54,55]. This method can 
also be considered as the main method for the preparation of PVDF membranes and has 
attracted great attention among researchers [12,56-59]. This section provides a review 
on the preparation of PVDF membranes via phase inversion method, and a brief 
discussion on other fabrication methods as mentioned above. 
2.3.1 Phase inversion 
Phase inversion can be described as a demixing process whereby the initially 
homogeneous polymer solution is transformed in a controlled manner from a liquid to a 
solid state [55]. This transformation can be accomplished in several ways, namely (a) 
thermally induced phase separation (TIPS); (b) controlled evaporation of solvent from 
the three component systems; (c) precipitation from the vapour phase and (d) immersion 
precipitation (IP). However, among these techniques, TIPS and IP are the two most 
commonly employed methods in the fabrication of polymeric membranes such as 
PVDF. One of the main difficulties that limits the successful casting of phase inversion 
membranes is the lack of a predictable and systematic method in selecting solvent 
systems [60]. 
  Kynar 760/761 Kynar 740 Kynar 461/301F 
Kynar 
HSV900 
Kynar flex 
2801 Solef 1015 Solef 6010 Hylar 460/461 
Supplier Atofina Chemicals Inc. Elf Atochem Arkema Inc. Arkema Inc. 
Arkema 
Inc. Solvay Solvay Solvay 
Type of polymer Homopolymer Homopolymer Homopolymer Homopolymer Copolymer Homopolymer Homopolymer Homopolymer 
Physical Properties         
Mn/Mw* 440,000 254,000 -- -- -- 573,000 322,000 540,000 
Density (g/ml)  1.77-1.79 1.77-1.79 1.75-1.77 1.77-1.79 1.76-1.79 -- 1.78 1.76 
Intrinsic viscosity (dL/g)  0.881    -- -- -- 
Melt viscosity (kPs)@ 100 
s-1 and @232°C 23-29 15-23 23-30 32-54 23-27 -- -- 26 
Water absorption 0.01-0.03 0.01-0.03 0.02-0.04 0.01-0.03 0.03-0.05 < 0.04 < 0.04 0.02 
Mechanical Test@23°C, 
50mm/min         
Tensile stress at yield 
(MPa) 45-55 45-55 34-52 45-55 20-34 53-57 53-57 48 
Tensile stress at break 
(MPa) 34-55 34-55 31-48 34-55 17-34 35-50 35-50 41 
Elongation at yield (%) 5-10 5-10 10-15 5-10 10-20 5-10 5-10 10 
Elongation at break (%) 50-200 50-200 50-250 50-200 200-400 20-50 20-50 100 
Tensile Modulus (MPa) 1379-2310 1379-2310 1034-1379 1379-2310 551-896 2200 2400 1310 
Thermal stability         
Melting point (°C) 165-172 165-172 155-160 162-172 140-145 173 173 160 
Crystallising point (°C)      140 138 132 
Glass transition 
temperature Tg (°C) -40 /-38 -40 /-38 -40 /-38 -40 /-38 -41 /-39 -30 -32 -39 
Thermal stability, 1 wt% 
mass loss/ in air (°C) 375 375 375 375 375 375-400 400 375 
Linear thermal expansion 
coefficient 10-6/°C 66-80 66-80 50-70 66-80 70-103 120-140 120-140 126 
C
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Table 2.3 Properties of PVDF materials from the two major suppliers for membrane fabrication. 
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Solvent plays a very important role in determining the ultimate membrane properties 
and performance. With proper selection of solvent, the high polymer chain mobility 
could be maintained, which is directly influenced by both polymer-solvent and 
polymer-polymer interactions. When polymer molecules dissolve easily in a good 
solvent, a uniformly distributed polymer configuration could be formed. On the other 
hand, poor solvent results in the aggregation of polymer molecules. Table 2.4 lists the 
identified good solvents of PVDF mainly used in the immersion precipitation method 
and their boiling points [61]. In this section, major emphasis is placed on the 
preparation of PVDF membranes via IP and TIPS process. 
Table 2.4 Good solvents for PVDF [61]. 
Solvents 
Boiling point 
(°C) 
Acetone (Ac) 56.1 
Dimethylsulfoxide (DMSO) 189.0 
Hexamethylphosphoramide (HMPA) 232.5 
N-methyl-2-pyrrolidone (NMP) 202.0 
N,N-dimethylformamide (DMF) 153.0 
N,N-dimethylacetamide (DMAc) 165.0 
Tetrahydrofuran (THF) 65.0 
Tetramethylurea (TMU) 176.5 
Triethylphosphate (TEP) 215.5 
Trimethylphosphate (TMP) 197.2 
 
2.3.1.1 Immersion precipitation 
Immersion precipitation (IP) is a process where a polymer solution is cast on a suitable 
support, then immersed in a coagulation bath containing a non-solvent. The exchange of 
the solvent in polymer solution with the non-solvent from the coagulation bath results in 
the phase separation. IP can be considered as the main technique in the fabrication of 
industrial asymmetric membranes due to the simplicity of its process. Most of the 
available PVDF membranes are also produced via IP method because of its ease of 
dissolution in common organic solvents. As a semi-crystalline polymer, the phase 
separation behaviour of a PVDF polymer is more complicated than an amorphous 
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polymer such as polysulfone and polyethersulfone [62]. Research and development of 
PVDF membranes prepared via immersion precipitation process have been actively 
pursued by a number of researchers, focusing on the effect of various preparation 
conditions on membrane morphology and performance, as well as the relationship 
between membrane structure with its formation process [12,57,58,63,64]. The effect of 
various parameters on the morphology and performance of PVDF flat sheet and hollow 
fibre membranes are described herein.  
2.3.1.1.1 Effect of solvents on membrane morphology 
As mentioned in the previous section (Section 2.3.1), solvent plays an important role in 
determining the ultimate membrane morphology and performance. Munari et al. and 
Bottino et al. performed excellent fundamental work on the essential information of 
PVDF polymer-solvent interactions [12,58,65]. Based on Hansen solubility parameter, 
Bottino et al. identified eight organic solvents out of forty-six that had been screened to 
be good solvents for PVDF polymer (based on the testing conducted with PVDF 
Foraflon 1000 HD) [65]. These include N,N-dimethylacetamide (DMAc), N,N-
dimethylformamide (DMF), N-methyl-2-pyrrolidone (NMP), dimethylsulfoxide 
(DMSO), hexamethylphosphoramide (HMPA), tetramethylurea (TMU), 
triethylphosphate (TEP), and trimethylphosphate (TMP). Among these solvents, DMAc, 
NMP, DMF and DMSO have been extensively employed as high boiling point strong 
solvents, while acetone or tetrahydrofuran (THF) have been used as the low boiling 
point weak solvents in casting PVDF membranes [11,12,58,65]. 
Based on Bottino’s investigation, the solubility parameters of the identified good 
solvents for PVDF are tabulated in Table 2.5 [58]. By employing eight different types 
of solvents, various structures of PVDF flat sheet membranes were obtained. Their 
experimental results demonstrated that the mechanism of PVDF membrane formation 
was governed by the kinetic factor, i.e. the mutual diffusivity between solvent and non-
solvent, rather than their thermodynamic properties. 
Yeow et al. demonstrated that different types of solvents during casting PVDF flat sheet 
membranes could result in the formation of different membrane structures, as shown in 
Figure 2.2 [66]. By using TEP as a solvent, a uniform sponge symmetric structure could 
be observed throughout the membrane cross-section using water as a coagulant. Similar 
observations have been previously reported by Bottino et al. [58] and Shih et al. [57].  
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Table 2.5 Hansen solubility parameter of common solvent for PVDF polymer [58]. 
 
 
Solvents 
Dispersion 
parameter 
δd,P 
(MPa1/2) 
Polar 
parameter 
δp,P 
(MPa1/2) 
Hydrogen 
bonding 
parameter 
δh,P 
(MPa1/2) 
Total 
solubility 
parameter 
δt,P 
(MPa1/2) 
N,N-dimethylacetamide (DMAc) 16.8 11.5 10.2 22.7 
N,N-dimethylformamide (DMF) 17.4 13.7 11.3 24.8 
Dimethylsulfoxide (DMSO) 18.4 16.4 10.2 26.7 
Hexamethyl phosphoramide 
(HMPA) 
18.4 8.6 11.3 23.2 
N-methyl-2-pyrrolidone (NMP) 18.0 12.3 7.2 22.9 
Tetramethylurea (TMU) 16.8 8.2 11.1 21.7 
Triethyl phosphate (TEP) 16.8 11.5 9.2 22.3 
Trimethyl phosphate (TMP) 16.8 16.0 10.2 22.3 
 
 
 
Figure 2.2 Cross section images of PVDF membranes formed by the following 
solvents: (A) TEP; (B) NMP; (C) DMF and (D) DMAc [66]. 
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The authors (Yeow et al.) explained that the resultant membrane structure is attributed 
to the relatively weak solvent power of TEP in comparison with NMP, DMAc and 
DMF, which had allowed the minority presence of a non-solvent to induce phase 
inversion, thus resulted in the occurrence of liquid-liquid phase separation at an early 
stage [66]. It was also believed that the mutual affinity between TEP and water is 
relatively weak compared to the other examined solvents, thus favouring the formation 
of sponge-like membrane structure. 
 
 
(a) (b) 
top 
top 
 
Figure 2.3 Cross section images of PVDF membrane with (a) water and (b) 1-octanol 
as coagulation bath [67]. 
 
The effects of four different mixed solvents [TMP-DMAc, TEP-DMAc, tricresyl 
phosphate (TCP)-DMAc and tri-n-butyl phosphate (TBP)-DMAc] and different types of 
PVDF on membrane morphology and performance were systematically investigated by 
Li et al. [68]. Their results showed that the stronger solvent power of TMP-DMAc and 
TEP-DMAc resulted in faster precipitation rate and less membrane shrinkage, and 
consequently higher water flux. The membrane cast from the latter system showed 
much shorter macrovoids beneath the skin layer, thus contributing to the higher 
rejection and much better mechanical properties in comparison to the former system. 
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2.3.1.1.2 Effect of evaporation time  
Munari et al. investigated the effect of evaporation time during casting PVDF flat sheet 
membranes from various polymer-solvent systems [12]. DMF and NMP were employed 
as high boiling point solvents, with or without acetone or THF as the low boiling point 
co-solvents. They found that the morphology and properties of the membranes made 
from binary solutions containing high boiling point solvents were not significantly 
affected by the evaporation time. However, the evaporation period had influenced the 
structure of the membranes prepared from ternary solutions containing DMF or NMP 
and acetone or THF as co-solvents, although their mechanical properties and 
performance could be changed by the extended evaporation period as a result of 
precipitation phenomena. 
2.3.1.1.3 Effect of coagulation bath medium 
As a semi-crystalline polymer, PVDF membrane formation during phase inversion 
process is governed by two mechanisms, namely liquid-liquid demixing and 
crystallisation. Coagulation medium is one of the key elements in determining the 
sequence of liquid-liquid demixing or crystallisation of the formation of PVDF 
membrane produced via immersion precipitation process. It is well known that water 
acts as the strong non-solvent, thus the presence of water as the coagulation medium 
during immersion precipitation often leads to rapid liquid-liquid demixing process and 
consequently, membranes with asymmetric structure consisting finger-like voids could 
be formed [54]. Meanwhile, the employment of solvent in the coagulation bath or the 
addition of solvent into a water bath may induce delayed liquid-liquid demixing of a 
polymer and eventually results in the formation of membranes with sponge-like 
structure. This section describes the effect of different coagulation medium on two main 
membrane configurations, i.e. flat sheet and hollow fibre PVDF membranes. 
Several studies have been performed to investigate the effect of 1-octanol as coagulation 
bath on PVDF flat sheet membrane formation during immersion precipitation 
[29,67,69]. Different membrane structures were obtained as shown in Figure 2.3 by 
using two different coagulants. With water (referred as harsh non-solvent) as the 
coagulation bath, an asymmetric structure consists of dense skin layer accompanied by 
finger-like structure could be formed during casting of membrane from PVDF-DMF 
system [67]. However, by substituting water with 1-octanol (referred to as soft non-
 39
 Chapter 2      Literature Review 
solvent), the formation of symmetric PVDF membrane comprised of uniform cross-
section, packed with almost identical spherical particles was obtained from similar 
system. The latter structure could be represented by the crystallisation-dominated 
precipitation, for which crystallisation has preceded liquid-liquid demixing during 
membrane formation due to the presence of 1-octanol. By varying the compositions of 
the dopes containing 1-octanol, a wide range of spherulitic particles sizes could be 
obtained in the prepared membranes [29]. 
Unlike flat sheet membranes, the mechanism of hollow fibre membrane formation is 
more complicated as there are more parameters involved during the preparation of 
hollow fibre membrane. Hollow fibre membrane is primarily associated with the 
spinning process, whereby a number of parameters affect the mechanism of membrane 
formation. For instance, during the preparation of flat sheet membrane, only one 
ingredient of the coagulation bath is involved, but one has to consider both internal and 
external coagulation baths during hollow fibre spinning. Appendix A shows the factors 
affecting the mechanism of membrane formation. 
Several investigations have been carried out on the effect of internal and external 
coagulation bath mediums on the properties of PVDF hollow fibre membranes. For 
instance, the effect of ethanol containing coagulation bath on PVDF hollow fibre 
membrane morphology was studied by Deshmukh and Li [70]. They observed the 
structural change of PVDF membranes corresponding to the ratio of ethanol in water in 
the external coagulation bath. As the ethanol concentration in coagulation bath is 
increased, membrane effective porosity and the rate of precipitation decreases leading to 
a gradual change in the morphology of the membrane outer wall from finger-like 
structures to sponge-like structures. Based on their studies, the kinetic process is the 
controlling parameter in the mechanism of membrane formation instead of the 
relationship of the thermodynamic properties. Similar trend of the membrane effective 
porosity was observed by Khayet et al. when ethanol is used in either bore liquid or in 
the coagulation bath or both [71]. 
On the other hand, Wang et al. obtained the larger effective porosity of PVDF hollow 
fibre membranes spun from the dope solution containing a high molecular weight 
additive using ethanol as the bore liquid, rather than the ones prepared by water as the 
bore liquid [64]. The internal skin of the spun hollow fibre was eliminated by the 
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presence of ethanol as the internal coagulant yielded a relatively higher water flux 
compared to water coagulant. Ethanol is as a weak non-solvent for PVDF, thus the 
employment of ethanol as the coagulation medium reduces the rate of polymer 
precipitation. 
2.3.1.1.4 Effect of coagulation bath temperature 
Precipitation temperature is one of the factors determining the ultimate membrane 
morphology and crystallinity of PVDF membranes. As described previously (section 
2.2.1), a high temperature usually results in the formation of a PVDF membrane with 
finger-like structures while a low temperature leads to sponge-like structures and/or 
particulates (if crystallisation occurs). Cheng studied the effect of coagulation bath 
temperatures on PVDF membrane morphology [27]. By changing the coagulation bath 
temperature from 25°C to 65°C, the morphology of PVDF membranes changed from a 
symmetric structure composed of spherical crystallites, to an asymmetric one with 
dense top surface accompanied by a cellular structure mixed with spherical particles. 
The former morphology could be described by the occurrence of crystallisation-
dominated precipitation, while the latter is attributed to the liquid-liquid demixing. A 
similar conclusion was drawn by Yeow et al. [66] and Wang et al. [72] on their studies 
of the effect of coagulation bath temperatures on morphology of PVDF membranes. 
2.3.1.1.5 Effect of non-solvent additives 
The addition of a non-solvent additive in the membrane casting solution is one of the 
methods to improve the membrane morphology, and to enhance the membrane 
separation as well as the performance. An additive can function as a pore former, 
increase solution viscosity or accelerate the phase inversion process, whereby one or all 
the above objectives could be achieved by any of these functions. The type of additives 
used in the fabrication of PVDF membranes could be divided into three categories: (a) 
low molecular weight additives (b) high molecular weight additives or known as 
polymeric additives (c) other types of additives. This section describes the effects of 
various additives on the resultant PVDF membrane morphology and properties. 
(a) Low molecular weight additives 
Low molecular weight inorganic salts have attracted much attention as a pore forming 
additive in the preparation of PVDF membranes. For example, the influence of a lithium 
chloride (LiCl) additive in the formation of PVDF flat sheet membrane was investigated 
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by Bottino et al. [56]. The addition of LiCl in the casting solution had remarkably 
changed the morphology of the PVDF membrane, where the formation of porous 
structure and larger cavities could be observed and these effects were enhanced with 
higher LiCl concentrations. Because of the high tendency of LiCl to mix with water, the 
precipitation rate of the polymer from dope solution upon immersion process becomes 
relatively higher. Although there is an observed reduction in the mechanical strength, 
the water flux is significantly increased without causing an obvious drop in dextran 
rejection. Similar results were obtained by Tomaszewska in the preparation of PVDF 
flat sheet membranes for membrane distillation [63]. By increasing LiCl concentrations 
in dope solution, larger cavities were formed and resulted in the increase of porosity and 
maximum pore size, while the mechanical strength was drastically reduced which is in 
agreement with Bottino’s work [56].   
Meanwhile, the PVDF hollow fibre membranes obtained by Wang et al. exhibited good 
mechanical strength and high permeate flux with the use of LiCl/non-solvent mixture in 
the dope solution [73]. Interconnected, a sponge-like structure was observed in the 
hollow fibre prepared from LiCl/water as the additive, while circular nodules appeared 
in the membrane prepared from LiCl/1-propanol as additive. Several other studies have 
also reported the effect of the addition of LiCl in a dope solution as a pore forming 
agent or hydrophilic additive during the preparation of PVDF membranes [74,75]. 
Kong and Li observed a non-linear increase in the dope solution viscosity 
corresponding to the added amount of LiCl and rapid increase in solution viscosity with 
NMP as the solvent compared to DMAc [74]. When the concentration of LiCl as the 
hydrophilic additive is increased up to 7.5 wt%, macrovoids formation in PVDF 
membrane was reduced as observed by Fontananova et al. [75]. Based on their study, 
the competition between thermodynamic and kinetic effect of the additive in phase 
inversion immersion precipitation process could be employed to explain the observed 
phenomenon. At low LiCl concentrations, LiCl acts as a permeate flux enhancer due to 
the thermodynamic effect and induces the enhancement of liquid-liquid demixing, while 
at higher concentrations, it suppresses the macrovoid formation as a result of the kinetic 
effect which induces a delayed demixing process. 
Another type of low molecular weight inorganic salt, lithium perchlorate (LiClO4), was 
also found to be employed as an additive to improve PVDF membrane properties. Lin et 
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al. determined the quaternary phase diagram of LiClO4/ water/ DMF/ PVDF system and 
found that the gelation line shifted up progressively with increasing salt concentrations 
in the system [76]. At a low LiClO4 content, porous membranes were obtained; however 
the formation of larger macrovoids in the PVDF membrane structure was observed 
when the membrane is cast from high salt-containing dope. Yeow et al. investigated the 
effect of LiClO4 on the morphology of the resulting PVDF flat sheet membrane [66]. 
Due to the strong effect of the Li salt on the polymer solution, a membrane with an 
irregular structure was formed at 2 wt% LiCl. Further to that, they prepared the PVDF 
membrane in a hollow fibre configuration with the addition of LiClO4 in spinning 
solution [77]. Their result revealed that a significant increase in solution viscosity, in 
line with the raise in the LiClO4 concentration, is due to the strong interaction between 
LiClO4 and solvent DMAc in the dope solution. In addition, at a relatively lower LiClO4 
content, an increase in the mean pore size and more uniform pore size distribution could 
be obtained, though an excessive additive amount may cause adverse effects. 
(b) High molecular weight additives or polymeric additives 
Polyvinylpyrrolidone (PVP) is among the most commonly used and studied in 
membrane fabrication as an efficient method to produce highly porous membranes. PVP 
is hydrophilic in nature, thus the presence of this polymer could enhance the liquid-
liquid demixing process during precipitation of the dope solution since they are miscible 
with water. 
Due to its hydrophilic nature, the addition of PVP promotes the non-solvent influx upon 
immersion in the coagulation bath, thus favouring the formation of large finger-like 
macrovoids in PVDF hollow fibre membranes [64,70,74]. A significant increase in the 
effective porosity of PVDF hollow fibre membrane, with membrane mean pore size, 
remained fairly consistent as observed by Kong and Li when PVP is used as an additive 
[74]. Similar results were obtained by Wang et al. and Fontananova et al. in their studies 
on the influence of PVP addition on PVDF membranes [64,75]. 
The detailed effect of different molecular weights and concentrations of PVP as an 
additive on the morphology and performance of hollow fibre membrane was further 
investigated by Wang et al. [64]. Low molecular weight of PVP (MW= 10,000) results 
in a membrane with high water flux and good solute retention, while opposite effects 
could be observed on the membrane prepared with higher molecular weight PVP (MW= 
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360,000). While low molecular weight PVP tends to create small pores and easily 
leaches out from the membrane, most of the high molecular weight PVP remains in the 
membrane and may block the path of the interconnected voids. Morphology of the 
hollow fibre prepared from the former exhibits two layers on the fibre wall and big 
cavities in the inner layer, while the inner layer cavities which are reduced with no clear 
boundaries between these two walls, could be observed on the membrane prepared from 
the latter. Their experimental results indicate that increasing PVP concentration causes 
water flux decrease and high rejection. Another type of polymeric additive, 
poly(ethylene glycol) (PEG), has been reported to improve the pure water flux of 
membranes with a relatively lower rejection rate, the effect of which could be reversed 
by heat treatment longer than 10 minutes [11]. Uragami et al. explained the latter 
phenomenon based on membrane shrinkage behaviour after treatment [11]. 
(c) Other types of additives 
The employment of glycerol as a non-solvent additive for different solvent systems has 
been reported by Shih et al. [57]. For the case where TEP was used as a solvent, an 
increase in the mean pore size and effective porosity of the prepared membrane were 
observed with increasing glycerol concentration, due to the formation of a thin skin 
layer. On the contrary, increasing glycerol concentration resulted in a membrane with 
increased mean pore size, but decreased effective porosity when DMSO was employed 
as a solvent. The authors attributed the results to the different affinity of the solvents 
towards the water coagulation bath. 
Meanwhile, the addition of water as an additive in the dope solution has been reported 
to increase the pore radius and effective porosity of the prepared membrane [78]. 
Khayet and Matsuura also showed that the mass transfer resistance of the membrane 
decreases with the increase of water amount. Another type of non-solvent additive, that 
is 1,2-ethanediol, has been employed by Khayet et al. and resulted in the increase in 
maximum pore size, hence improving the pure water flux [79]. The membrane porosity 
was observed to be greater in conjunction with the increase in the maximum pore size, 
although the effective porosity was found unaffected by the addition of 1,2-ethanediol. 
2.3.1.1.6 Effect of spinning parameters on PVDF hollow fibre membranes 
In the recent years, considerable effort has been devoted to the fabrication and 
applications of PVDF membranes with hollow fibre configuration [70,71,74,80]. Due to 
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its high packing density, hollow fibre is mostly preferred over other configurations in 
industrial operations. However, it is universally recognised that the formation of hollow 
fibre membranes is much more complex than that of flat sheet membranes. While some 
of the information obtained from the casting of flat sheet membranes may be useful in 
fabricating hollow fibre membranes, similar conditions could not be simply extended to 
obtain hollow fibre membranes with comparable performance and morphology because 
phase inversion takes place at both inner and outer surfaces. There are many factors 
influencing the ultimate membrane morphology and performance of PVDF hollow fibre 
membranes. In this section, the effect of spinning conditions of PVDF hollow fibre 
membranes is discussed.  
Increasing the distance of air gap, is recognised as a way to affect the outer skin 
formation of hollow fibre membranes. The water permeation flux of PVDF hollow fibre 
membranes tends to increase with decreasing air gap, with no significant influence on 
the dextran rejection due to the formation of a thinner skin layer [64,81]. Hollow fibre 
membranes with thinner and denser sponge-type cross-sections are formed with 
increasing air gap length, due to a greater molecular orientation and chain package [81].  
The extrusion rate of polymer dope plays an important role in determining the ultimate 
membrane dimensions, especially the membrane outer diameter and wall thickness. Ren 
et al. investigated the relationship between the dope shear rate within the spinneret 
(which corresponds to the polymer extrusion rate) with PVDF membrane morphology 
and performance [82]. The increase in water permeation flux corresponding to the 
increase of shear rate could be observed while maintaining an almost similar dextran 
rejection. The authors explained that the shear induced molecular orientation may have 
occurred but the orientation degree was small, which resulted in aggregation or loosely 
connected molecule-clusters. 
Much work has been done by Chung and co-workers associated with the effects of 
spinning conditions in order to gain better understanding on the formation mechanism 
of PVDF hollow fibre membranes [83-86]. Most of these studies focussed on the 
fabrication of PVDF hollow fibre membranes for membrane distillation purpose. One of 
the major issues, that often limits the application of PVDF hollow fibre membrane in 
this area, is the formation of macrovoids in the membranes’ structures. In general, the 
formation of macrovoids is undesirable because it is the main cause of the reduction in 
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mechanical properties, which eventually leads to the membrane failure especially under 
high pressure. Several attempts have been made in preparing macrovoid-free PVDF 
hollow fibre membranes using a triple-orifice or occasionally referred to as a dual layer 
spinneret [86,87]. Fully macrovoid-free PVDF hollow fibres with increased surface 
porosity were formed by applying two-phase flow consisting of a solvent and dope 
solution in the air gap area using a dual layer spinneret, prior to entering the external 
coagulation bath [86]. By pumping solvent such as NMP or IPA/water mixture, as the 
weak external coagulants through the outer channel of the spinneret, the solidification 
process of PVDF polymer solution could be delayed for porous skin layer formation 
[87]. 
Table 2.6 Properties of PVDF hollow fibre membranes and their preparation 
conditions [84]. 
Dope solution 
composition (wt%) 
External 
Composition 
(wt%) 
OD/ID 
(μm) 
Porosity 
(%) 
Tensile 
Strength 
(MPa) 
Elongation 
at break 
(%) 
PVDF/NMP 15/85 Tap water 680/400 82.3 ± 0.8 2.78 65.3 
PVDF/NMP 15/85 Water/Methanol 50/50 740/400 79.1 ± 0.1 2.81 69.57 
PVDF/NMP 15/85 Water/ethanol 50/50 790/400 78.8 ± 0.2 2.6 56.8 
PVDF/NMP 15/85 Water/isopropanol  50/50 780/400 79.1 ± 0.1 2.19 55.89 
PVDF/NMP 17/83 Tap water 760/400 76.9 ± 0.4 2.18 53.41 
PVDF/NMP 19/81 Tap water 800/400 73.8 ± 0.4 0.85 56.99 
PVDF/NMP/Water 
15/83/2 Tap water 680/360 80.1 ± 0.3 2.32 110.51 
PVDF/NMP/Methanol  
15/75/10 Tap water 700/400 79.8 ± 0.3 1.37 46.79 
PVDF/NMP/Ethanol  
15/75/10 Tap water 720/380 77.7 ± 0.9 0.79 36.51 
 
Other spinning conditions: Bore liquid composition: 90% NMP in water; Air gap: 10 mm; 
Spinneret dimension (OD/ID): 1.2/0.8 mm 
 
The fabrication of PVDF hollow fibre membranes with desirable properties could be 
achieved by controlling the dope composition, rheology, and coagulant composition, 
which determine the resultant membrane morphology and mechanical properties [84]. 
Some of the obtained results from the spinning of PVDF hollow fibre membranes are 
tabulated in Table 2.6. Nevertheless, it is important to note that the combined effects of 
all these parameters will determine the ultimate PVDF membrane morphology, and the 
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corresponding membrane separation performance, as none of these parameters are able 
to stand independently. 
2.3.1.2 Thermally induced phase separation 
Apart from immersion precipitation, thermally induced phase separation (TIPS) is 
another useful technique for the preparation of polymeric membranes from phase 
inversion process. In the membrane preparation using the TIPS method, a homogeneous 
solution is prepared by dissolving a polymer in a high boiling point, low molecular 
weight diluent at high temperature, the solution is cast into the desired shapes and then 
cooled to induce phase separation and solidification of the polymer. After that, the 
diluent is removed to produce a microporous membrane structure. The major parameter 
that distinguishes between the TIPS and IP is that the former method requires the 
removal of thermal energy to convert the solution to a two phase mixture, while the 
latter involves an exchange between non-solvent and solvent for membrane formation. 
Much work, related to the preparation of membranes via TIPS from various polymers 
such as PP and PE has been carried out [88-91]. Preparation of PVDF membranes using 
TIPS has been recognised since the late 1980s, where a number of PVDF microfiltration 
and ultrafiltration membranes have been developed [14,92-95]. However, the 
emergence in the fabrication of PVDF membranes via TIPS method is observed to be 
more significant in the recent years [96-102].  
In the TIPS process, the selection of a diluent is crucial in determining the polymer 
crystallisation process and the resulting membrane morphology; hence affecting the 
membrane properties, such as pore size, strength and flux. For this reason, there has 
been enormous attention on the effect of diluents on the properties and morphology of 
PVDF membranes prepared via this process [100-103].  
Lloyd et al. employed dibutyl phthalate (DBP) as a diluent for preparation of 
microporous PVDF membranes via TIPS [95]. Membranes with irregular fuzzy 
structures were obtained from this study. Meanwhile, Gu et al. observed the formation 
of different structures of PVDF membranes prepared from different types of diluents 
[100]. PVDF membranes prepared from dimethyl phthalate (DMP) as diluent, exhibited 
the most discernable and the largest spherulitic structures compared to that of prepared 
from DBP, or mixtures of DMP with dioctyl sebacate (DOS) and dioctyl adipate (DOA) 
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as diluents. The authors attributed the morphology differences to the degree of 
interactions of polymer-diluent that influence the extent of PVDF crystallisation. By 
using different types of diluents, the crystallisation temperature of PVDF during the 
TIPS process is also changed. The crystallisation temperature, Tc of PVDF using four 
different diluents was observed to be in the following order: γ-butyrolactone (γ-BA) < 
propylene carbonate (PC) < DBP < dibutyl sebacate (KD), as reported by Su et al. 
[101]. 
There are two types of TIPS processes: solid-liquid (S-L) separation or liquid-liquid 
separation with subsequent crystallisation. The major factor determining the type of 
phase separation that occurs for a system involving a semicrystalline polymer is the 
miscibility of the system, which is associated with the strength of polymer-diluent 
interactions [104]. In general, membranes prepared from PVDF-diluent binary mixtures, 
using TIPS, often undergo solid-liquid phase separation. However, this may not always 
be true for some systems. For instance, Yang et al. observed the formation of PVDF 
membranes with bicontinuous structures due to the occurrence of liquid-liquid phase 
separation when using diphenyl ketone (DPK) as a diluent in polymer-diluent binary 
mixtures [102].  
On the other hand, using mixed diluents in a polymer-diluent system during preparation 
can also affect the polymer crystallisation and the morphology of membranes. With 
increasing cyclohexanone (CO) content in the γ-BA/CO diluent mixtures, Su et al. 
observed structural changes of membrane cross-sections from spherulite-like crystallites 
to sheaf-like crystallites [105]. Phase diagrams of PVDF/DBP/ di(2-ehylhexyl)phthalate 
(DEHP) ternary blend were determined by Ji et al. as a tool for controlling the 
morphology and interpreting membrane structure [98]. They observed the increase in 
the size of spherulites that are present in membrane cross-sections with the increase of 
DBP ratios, which can be explained by the enhancement of the compatibility between 
PVDF and diluents, yielding to the occurrence of polymer crystallisation before liquid-
liquid phase separation. Following that, the aforementioned mixed diluent has been 
employed in the fabrication of PVDF microporous matrix of polymer electrolyte for 
lithium ion batteries [106]. By varying the DBP/DEHP ratios in the mixed diluent, the 
membrane microstructure was easily and conveniently controlled.  
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Meanwhile, the structure of the PVDF membrane prepared from DBP (good diluent) 
gradually changed from a large spherulite morphology to bicontinuous or a uniform 
porous structure with increasing dioctyl phthalate (DOP, poor diluent) compositions in 
DBP/DOP mixed diluents, as reported by Li et al. [107]. From the phase diagram, the 
cloud point curves shifted to higher temperatures with increasing DOP contents in the 
mixed diluents, thus the liquid-liquid phase separation could be induced via the 
adjustment of the mixed diluents composition. 
The cooling rate and the quenching condition are other factors influencing the extent of 
crystallisation of PVDF membranes during the TIPS process. From Su et al. 
observation, the increase of cooling rate decreased the crystallisation temperature of 
PVDF while promoting the crystallisation [101]. By varying the quenching conditions, 
PVDF is crystallised in different extents and different crystal phases are formed. Gu et 
al. obtained α-phase crystals by quenching a PVDF-DMP system to different 
temperatures above 40°C, while the β-phase crystal structure was formed when the 
system was quenched from liquid nitrogen and crystallised for 24 hours in 25°C water 
bath [108]. On the other hand, the decrease in cooling rate has lead to the formation of 
larger spherulitic particles and channel sizes of open pores between particles, as 
reported by Cui et al. based on their study using sulfolane as a diluent [103]. This has 
resulted in wider pore size distribution and poor mechanical strength of porous 
membranes.  
The introduction of inorganic particles such as CaCO3 and SiO2 particles into dope 
solution is known to be useful in the preparation of membranes with enhanced 
properties, and the effects of these particles on the morphology and properties of PVDF 
membranes prepared via TIPS have been investigated [92,96,109]. Li and Lu observed 
that the presence of CaCO3 particles hindered the aggregation and the growth of crystal 
nuclei during polymer crystallisation, therefore the formation of spherulites was 
disturbed at the quenching condition [109]. Nevertheless, the addition of CaCO3 
particles showed negative effects on membrane tensile strength. 
SiO2 particles were added into PVDF-DBP system to improve the membrane 
performance [92,96]. Doi and Matsumura described the presence of SiO2 particles as 
beneficial for improving the flowability in the molding process, by controlling the 
absorbing diluents from being liberated from PVDF resin, while functioning as a 
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nucleus for micro-phase separation between the diluent and PVDF during cooling of the 
molded membrane [92]. After the formation of membrane, a concentrated sodium 
hydroxide aqueous solution was used to wash out SiO2 particles at an elevated 
temperature. As a result, membranes obtained by this method had a porous symmetric 
sponge-like structure with excellent performance and excellent mechanical strength. 
Table 2.7 lists the properties of PVDF hollow fibre membranes fabricated from TIPS 
using SiO2 particles. 
Table 2.7 Properties of PVDF hollow fibre membranes fabricated from TIPS using 
SiO2 particles [92]. 
Composition 
(vol%) 
OD/ID 
Mean 
Pore 
Size 
Max. 
Pore 
Size 
Water 
Flux 
Tensile 
Strength 
Tensile 
Elongation 
at Break 
PVDF SiO2 DOP DBP (mm) (μm) (μm) 
(Lm-2.hr-1 
bar-1) 
(kg/cm2) (%) 
31.5 12.2 51 5.3 1.98/1.02 0.94 1.57 8240 121 378 
31.7 12.2 45.5 10.6 2.03/1.11 0.26 0.44 2370 73 182 
32.3 14.8 48.5 4.4 2.00/1.10 0.59 0.91 7000 115 300 
However, PVDF has poor stability in caustic environments (as previously mentioned in 
section 2.2.3 and section 2.2.4), where the degradation of PVDF membranes has been 
observed at the exposure to high concentrations of caustic, which had caused in the 
reduction of membrane mechanical strength [39,47]. Therefore, careful consideration 
should be taken when using concentrated sodium hydroxide solution for washing out 
SiO2 particles particularly at higher temperature. 
Matsuyama and co-workers employed glycerol triacetate (tricacetin) and glycerol as the 
respective solvent and non-solvent, in the preparation of porous PVDF hollow fibre 
membrane for the application of water treatment [97]. It was observed that the 
mechanism of membrane structural formation changed from polymer crystallisation to 
liquid-liquid phase separation as a result of a non-solvent addition. Two kinds of 
membrane structures were formed i.e. interconnected and spherulite structure with 
PVDF/triacetin/glycerol system. The addition of glycerol to the dope solution was 
found to be effective in preparing membranes with higher water permeabilities, 
provided the air gap distance was short and temperature of the polymer extrusion was 
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low. Following that, they prepared hollow fibre membranes for CO2 absorption by 
adding PEG or glycerol to the dope solution [110]. Seven kinds of asymmetric PVDF 
hollow fibre membranes with considerable different structures at the outer surface were 
prepared via TIPS and their feasibility studies for CO2 absorption were investigated. 
The performances of the PVDF membranes were found to be comparable with that of 
the commercial PTFE membrane.  
The effect of liquid paraffin as a bore liquid during the preparation of PVDF hollow 
fibre membranes via TIPS has been investigated by Ji et al. [111]. Liquid paraffin is a 
non-solvent for PVDF but a solvent for diluent mixtures of DBP/DEHP. The structure 
of inner surface for hollow fibre membrane prepared from PVDF/DBP/DEHP system 
was observed to be affected by the exchange between bore liquid and a diluent mixture. 
The hollow fibre membrane with porous inner and outer surfaces, interconnected cross-
sectional structure as well as improved water permeability was obtained from their 
study.  
2.3.2 Use of inorganic particles  
In the recent years, the addition of inorganic particles with polymer solutions has 
become as one of the attractive methods in the fabrication of polymeric membranes 
[53,112-114]. Most of the research work has focussed on the preparation of composite 
or hybrid organic-inorganic membranes by the incorporation of inorganic particles to 
modify the membrane properties for various purposes. For instance, the presence of the 
dispersed inorganic particles in the membrane matrix has been reported to improve the 
membrane performance and properties particularly by: 
(1) enhancing mass transfer in membrane pervaporation process [115] 
(2) increasing selectivity in gas separation [116] 
(3) improving membranes hydrophilicity and fouling resistance properties [112,117] 
(4) improving the mechanical properties [52]. 
Inorganic particles that have been incorporated into PVDF membranes include TiO2 
[112,117], Al2O3 [113,118], ZrO2 [114] and SiO2 [53,119,120]. The fouling resistance 
properties of PVDF membranes have been improved by incorporating TiO2 or Al2O3 
into polymer solutions to form PVDF  membranes [112,113,121]. The presence of TiO2 
particles as an inorganic fillers in PVDF membrane has resulted in the improvement of 
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mechanical resistance at an elevated pressure and temperature compared to pure PVDF 
membrane [52]. 
Recently, considerable effort has been devoted to investigate the effect of SiO2 particles 
on PVDF membrane performance [119,120,122]. Bottino et al. explained that a drastic 
increase in the solution viscosity caused by the increasing SiO2 amount was attributed to 
the strong interactions between the solvent (NMP) and the silanol groups [53]. Because 
SiO2 possesses comparable chemical resistance and good compatibility with the organic 
solvent used to prepare PVDF solutions, it has been employed in the preparation of 
PVDF membranes for ultrafiltration purposes [53]. The hydrophilic properties of PVDF 
ultrafiltration and anion-exhange membranes were also improved by the incorporation 
of SiO2 particles into the membrane [119,120]. The example of PVDF hollow fibre 
microfiltration membranes with excellent performance and good mechanical strength, 
achieved using SiO2 as inorganic particle additive can be seen from Table 2.7 in the 
previous section. However, since this is still a relatively new topic, the detailed 
mechanisms of how inorganic particles influence the membrane formation particularly 
during phase inversion process remain unclear. 
2.3.3 Sintering 
Sintering is widely used in the commercial production of inorganic membranes, as well 
as symmetric PTFE and PP membranes due to the low solubility to solvents. This 
method involves the compression of powder containing particles of a given size and 
sintered at elevated temperatures. Nevertheless, there are two patents reported by 
Glasrock Products Inc and Solvay & Cie on the preparation of porous PVDF 
membranes via sintering method [50,51]. PVDF powder was dispersed in methyl 
isobutyl ketone (MIBK) and the dispersion was broken into droplets. A porous PVDF 
structure was subsequently obtained by sintering the droplets at certain temperatures 
[50]. Meanwhile, cellular or dense structures were obtained by the extrusion of a 
moulding composition containing PVDF Solef polymer and chemical blowing agent 
[51].  
2.3.4 Track etching 
Occasionally, track etching, is used for the fabrication of PVDF membranes [40,49]. In 
the track etching method, polymer film or foil is subjected to high energy particle 
radiation (metal ions) applied perpendicular to the material, followed by etching in acid 
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or an alkaline bath [55]. Consequently, cylindrically shaped pores with uniform pore 
size distributions could be obtained. While the membrane porosity is mainly determined 
by the duration of radiation, the pore size is determined by the etching time and 
temperature. Komaki observed the growth of fine holes in PVDF film exposed to fission 
fragments in oxygen and etched in sodium hydroxide solutions by gas-flow method and 
electron microscopy [40]. In the recent study performed by Grasselli and Betz [49], 
membranes with a pore diameter in the range of few hundred nanometers were obtained 
by the irradiation of PVDF film with heavy ions beam of Sn which then exposed to 
several etching conditions involving permanganate oxidation. 
2.3.5 Other methods 
Phase separation using supercritical CO2 as non-solvent is an emerging method in the 
preparation of PVDF membranes. This method can be considered as environmental 
friendly because the solvent initially exist in polymer solution could be easily recovered 
in the supercritical CO2 phase after the exchange of solvent and CO2. Moreover, 
membranes could be dried directly without collapsing the pore structures due to the 
absence of a liquid-vapour interface [123]. Cao et al. reported the preparation of porous 
poly(vinylidene fluoride-co-hexafluoropropylene) (PVDF-HFP) membranes from phase 
separation with the supercritical CO2 as non-solvent [124]. Dry membranes with 
sponge-like and asymmetric structure were obtained from PVDF-HFP/acetone system 
by varying the experimental conditions such as CO2 pressure, polymer concentration 
and temperature. Following that, Huang et al. prepared microporous PVDF membranes 
from the PVDF/DMAc system by using the supercritical CO2 phase inversion process 
[123]. The resulting membranes exhibited morphological characteristics from both 
liquid-liquid demixing and crystallisation, whereby the membrane structure with 
cellular porous surrounded by interlinked PVDF particulate crystallites was formed. 
Although membranes prepared via this method showed porous and macrovoid-free 
structure, the obtained membrane pore size can be considered as relatively large, which 
was between 1 to 10 µm [124].  
A number of methods have been studied and employed for the preparation of PVDF 
membranes in either flat sheet or hollow fibre configurations. Method selection is 
highly dependent on the application of PVDF membranes as well as research interests. 
From the separation point of view, the first task would be the control of membrane pore 
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size. Generally, membranes produced via different methods exhibit different properties 
of pore sizes and porosities [55]. 
2.4 Hydrophilic modification of PVDF membrane 
PVDF is a semi-crystalline polymer with a glass transition temperature (Tg) of around 
－39°C, a melting temperature (Tm) of around 160°C and a thermal decomposition 
temperature of above 316°C. The macromolecular linear chain structure of PVDF is －
CH2CF2－, in which the bond energy of C－F, C－H and C－C is 453, 414.5 and 347.5 
kJ/mol respectively. The －C－C－ bond of the main polymer chain is surrounded by 
fluorine and hydrogen atoms, resulting in excellent chemical, thermal and mechanical 
stabilities. PVDF can be dissolved in some polar solvents, such as DMAc, NMP, 
DMSO, and DMF, due to the polar property derived from the alternative arrangement of 
－CF2－ and －CH2－ groups, which makes it an ideal membrane material for the 
preparation of PVDF membranes using the non-solvent induced phase inversion 
method. However, there are still some problems for PVDF membranes which limit the 
further developments and applications of PVDF membranes especially in the areas of 
purification and separation of aqueous solution systems such as drinking water 
production, wastewater treatment, bio-separation.  
 
The critical problems lie in: 
(1) The surface energy of PVDF, which is very low, and the critical surface tension (γc) 
of PVDF, －CF2－ and －CH2－, which are 25mN/m, 18mN/m, and γc=31mN/m 
respectively. This results in the poor wettability of the PVDF membrane. Therefore, the 
pure water flux is usually low due to the strong hydrophobic nature of PVDF.  
(2) The hydrophobic PVDF membrane is susceptible to fouling whilst treating aqueous 
solution containing natural organic matters e.g. proteins. Proteins are prone to be easily 
absorbed onto the membrane surface or block the surface pores, decreasing the 
permeability and the final separation performance, depressing the lifetime of the 
membranes and subsequently causing more operation costs of the replacement and 
maintenance of the membrane modules. 
One major possible reason for the protein fouling on the hydrophobic PVDF membrane 
is that there are almost no hydrogen bonding interactions in the boundary layer between 
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the PVDF membrane interface and water. The repulsion of water molecules away from 
hydrophobic PVDF membrane surface is a spontaneous process with an entropy 
increasing and therefore protein molecules have a tendency to adsorb onto membrane 
surface and dominate the boundary layer. In contrast, the membrane with the 
hydrophilic layer possesses a high surface tension and is able the form the hydrogen 
bonds with surrounding water molecules to reconstruct a thin water boundary between 
membrane and bulk solutions. It is difficult for hydrophobic solutes, like some proteins, 
to approach the water boundary and break the orderly structure because an increase of 
energy would be required to remove the water boundary and expose the PVDF 
membrane surface. 
Besides the hydrophilicity/hydrophobicity effect of the membrane, the charge and ionic 
strength of membranes, morphological properties of porous membranes including 
surface roughness, pore size distribution, porosity, tortuosity and thickness, the 
properties of the solutes, the mode of flow, membrane configuration also have an 
undeniable influence on the membrane fouling; however, the emphasis of this review 
would be placed on the hydrophilic modification as most of the studies have been 
conducted to modify the intrinsic properties of PVDF membranes. 
Therefore it is very significant to improve the hydrophylicity of PVDF membranes 
through versatile methods to enhance the lifetime and reduce the operation cost of the 
PVDF membrane module. Different modification ways have been explored to tailor the 
surface engineering of the PVDF membrane in recent years. Two straightforward ways 
are usually used to catalogue the diverse hydrophilic and fouling resistant modification 
techniques, which can be mainly classified into surface modification and blending 
modification. Surface modification is usually achieved by coating or grafting a 
functional layer on the prepared membrane surface, in which most of the modified sites 
occurrs on the top and/or bottom surface of the membrane, excluding the pores inside 
the membrane, due to the limited diffusion ability of the modifying agents into the 
membrane pores. Blending modification is usually used to achieve the desired 
functional properties along with the membrane preparation, therefore the preparation 
and modification process can be accomplished in a single step. Both the surfaces and 
inside-pores of the membrane have a window of opportunity to be modified 
synchronously through the synergy effect between PVDF and compatible additives. 
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2.4.1 Surface modification of PVDF membrane 
Surface modification of PVDF membranes can be classified into two categories: surface 
coating and surface grafting. Surface coating is the simplest way to improve the surface 
hydrophilicity of the PVDF membranes temporarily through coating or depositing a thin 
functional hydrophilic layer onto the membrane surface. The main problem of the 
surface coating is the instability of the coated layer, which could be washed away along 
the operation and cleaning process because of the relatively weak physical adsorption 
interaction between PVDF membrane and coated layer. 
In some cases, chemical treatments such as sulfonation or crosslinking were performed 
on the membrane surface to anchor the coated layer, while surface grafting can conquer 
the instable problem completely by the grafting polymerisation of monomers, which 
immobilizes the functional chains, brushes or layers onto the membrane surface through 
covalent bonding interaction. Figure 2.4 illustrates the route of surface modification 
specifically for surface grafting. 
 
Linear copolymer Branched copolymer 
 
Figure 2.4  Schematic of surface modification of PVDF membrane. 
 
 O3,UV, plasma, electron beam, 
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 56
 Chapter 2      Literature Review 
2.4.1.1 Surface coating 
A hydrophilic layer can be simply coated on the hydrophobic PVDF membrane surface 
to enhance both hydrophilicity and fouling resistance. The binding between coated layer 
and PVDF membrane can be implemented through physical adsorption, crosslinking, 
and sulfonation. In most surface coating cases, glycerol was coated on the PVDF 
membrane surface to keep the wettability of membrane temporarily during the 
transportation and storage. However, the glycerol layer was usually washed away before 
operation. In other case, the PVDF membrane surface was dipped with an aqueous 
solution containing 0.2-1.5% cellulosic polymer, 0.5-5% low molecular weight co-
reactant (amines/hydroxy comp.), 1-3% additives (surfactants, cross-linking agents, 
etc.), and then the hydrophilic components were bound to the membrane surface by an 
addition reaction (the curing step). Therefore the hydrophilic properties with the contact 
angle as low as 42º were imparted to the hydrophobic PVDF ultrafiltration membranes, 
and some of these membranes are now commercially available and supplied by DDS 
FILTRATION, designated ETNA series [125,126]. The PVDF membrane can also be 
modified by a surface coating with a dilute poly(vinyl alcohol) (PVA) aqueous solution 
followed by solid-vapor interfacial cross linking. The increase of hydrophilicity resulted 
in a comparable pure water permeability compared to the unmodified membranes [127]. 
Another important factor which affects the fouling properties of PVDF membrane is the 
surface charge and ionic strength of membrane while treating the charged foulants, 
which is often the case. Usually, it is appropriate to use a membrane carrying the same 
electrical charge as the foulants. Therefore, negatively charged PVDF microfiltration 
membranes were prepared using direct sulfonation with chlorosulfonic acid [128]. 
Negative charges ascribed from hydroxyl (―OH) and sulfonyl groups (―SO3) were 
incorporated on the surface of the membrane. Such modified membranes can have 
molecular weight cut-off (MWCO) about five times smaller than the size of the solutes 
because of the electrostatic repulsion. However, the modified membrane with small 
hydrophilic groups like hydroxyl (―OH) and sulfonyl groups (―SO3) might not be 
chemically stable, which could be oxidised in the air. In addition, the intense 
sulfonation could affect the bulk and surface microstructure of the PVDF membrane and 
cause the dramatic decrease of mechanical strength. 
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Other hydrophilic macromolecules such as  polyvinyl pyrrolidone (PVP) bearing the 
structure of lactam, which makes PVP groups interacting with hydroxyl groups of the 
hydrophilic PVDF membrane due to the hydrogen bonding effect and can be further 
introduced to the PVDF membrane surface after an alkaline modification. The modified 
membrane is promising and practical to further purify flavonoids from crude Ginkgo 
biloba extraction (GBE) products [129]. Although, most of surface coating cases 
focused on the membrane surface, Boributh et al. coated the PVDF membrane with 
chitosan solution, through the combined flow through and surface flow method, which 
allowed the chitosan molecules to be coated both on the membrane surface and pore 
walls [130]. Modified membranes exhibited good anti-fouling properties of reducing the 
irreversible membrane fouling. Different surface coating approaches are listed in Table 
2.8 [125,127-132]. 
Most of the methods would cause the decrease of the pure water flux because of the 
unavoidable accumulation of the coated layer on the pore surface although the 
hydrophilicity and fouling resistance could be improved to some extent. 
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Table 2.8 Properties and performances of PVDF membrane modified by surface coating 
 
Surface 
coating 
PVDF membrane Pure water flux 
(L/(m2h)) 
MWCO 
(Dalton) 
Water 
flux 
recovery 
Contact angle 
(º) 
Coated layer 
Original FS50-U 300~500 (2bar) 50,000    
Modified ETNA 20A 200~300 (4bar) 20,000 97% 42 
cellulosic polymer, co-reactant 
(amines/hydroxy 
comp.),additives(surfactants, cross-
linking agents, etc.) [125] 
Original HFP-707(Koch) 930(1bar) 120,000  81±1  
Modified PVDF/PVA membrane 830(1bar)  95%1 68±1 Poly(vinyl alcohol) (PVA) [127] 
Original PVDF 0.22μm,Millipore 246 (1.4bar)  0.44 91  
Modified SPVDF 19,000 (1.4bar) 90%3 0.654 66 Sulfonation [128] 
Original PVDF 133.3(3bar) 97%2    
Modified SPVDF 162.5(3bar) 93%2   Sulfonation [131] 
Original Shanghai Xinya 140L/(m2hMPa) 6,000    
Modified PVDF/PVP 290 L/(m2hMPa)    PVP [129] 
Original PVDF 0.2μm    97.4±3.6  
Modified PVDF/poly(DOPA)    53.6±2.8 3,4-dihydroxyphenylalanine (DOPA) [132] 
Original PVDF 0.22μm,Millipore 1510 (1.5bar) 50,000 8~10% 115±2  
Modified PVDF/Chitosan 972~247 (1.5bar) >162,000 45-57% 73~61.5 Chitosan [130] 
 
1 Water flux of modified membrane is 95% higher than original membrane after 18h Grand River water flux filtration 
2 Rejection of human albumin  
3 Monodisperse poly(styrene sulfonic acid), sodium salt MW 500,000 (Polysciences Inc.). PSSA, with an approximate root mean square radius of 40.5 nm 
4 Normalised flux J/J0, J is the fouling flux of solution (100 mg/l PSSA); J0 is the steady state water flux at 1000 LMH 
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2.4.1.2 Surface grafting 
Surface grafting is one of the promising methods of modifying the membrane surface 
through the covalent bonding interaction between the grafted chains and the membrane. 
Covalent attachment of graft chains on the membrane surface avoids their delamination 
and offers a long-term chemical stability of grafted chains, in contrast with physically 
surface coating method [133]. Surface grafting can be achieved by versatile means (e.g. 
UV photo irradiation, plasma, high energy irradiation and “living”/controlled 
polymerisation). Based on different types of monomers, surface grafting can also be 
classified into two categories: grafting with a single monomer and grafting with a 
mixture of two (or more) monomers [134]. 
The first type usually occurs in a single step, but the second may occur with either the 
simultaneous or sequential use of the two monomers. The medium where the surface 
grafting happens can also be classified into aqueous medium and organic solvent. Not 
only monomers can be polymerised onto the membrane surface through a different 
initiation process, which is usually considered as “grafting from”, but also polymers can 
be directly immobilised on the membrane surface through coupling reaction, which is 
considered as the “grafting to”[133,135,136]. 
“Grafting to” methods have the potential advantage that the graft polymer can be well 
synthesised and characterised in details before grafting. However, the grafting degree on 
the membrane surface might be limited due to the well-known, low reactivity of the 
coupling reaction, which is not straightforward enough for industrial applications 
despite the precise control of graft chain structure. 
“Grafting from” has much more choices to control the grafting degree, chain lengths 
and structure by varying different initiating means, monomer, concentration, 
temperature, solvent, additive, and other reaction conditions. In order to achieve the 
ultimate aim of modifying the PVDF membrane with improved functions, a synergy 
between the excellent intrinsic properties of the PVDF membrane (e.g. mechanical 
strength, chemical and thermal stability) and the novel functional grafted layer (e.g. 
hydrophilicity and fouling resistance) must be comprehensively considered. In this 
review, “Grafting from” will be reviewed based on different initiating means. All 
versatile ways to modify the PVDF membrane surface and all other properties of the 
modified membrane are listed in Table 2.9 [19,137-150]. 
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2.4.1.2.1 UV 
PVDF has a very good resistance to UV photo radiation (the wavelength ranges in 
100~400nm) because no significant changes were detected either at a molecular level or 
in the electro-active response. It is difficult to directly activate the PVDF membrane 
surface through UV radiation due to its less electroactive property [151]. However, the 
photo-initiator benzophenon was usually needed to initiate the photo grafting 
polymerisation process on the PVDF membrane surface. Benzophenon was 
decomposed to starter radicals from the cleavage of a weak bond in benzophenon, and 
then the starter radicals transferred to the PVDF membrane and abstract hydrogen atom 
from surrounding chemical species, which led to the generation of initiating radicals. 
Benzophenon can be coated onto the membrane surface by dipping the membrane in 
benzophenon solution, which can be considered as an adsorption method. This method 
could minimise the homopolymerisation of monomer and enhance the grafting 
efficiency [137,152,153]. Both monomer concentration and polymerisation time 
influenced the grafting degree. PVDF microfiltration membranes were modified by 2-
dimethylaminoethylmethacrylate (qDMAEM) and 2-acrylamido-2-methyl-1-
propanesulfonic acid (AMPS) using benzophenon as the photo-initiator to demonstrate 
a strong antimicrobial action to the E.coli bacteria [152]. 
Rahimpour et al. performed the UV photo-grafting modification on the PVDF 
membrane with hydrophilic acrylic and amino monomers in the absence and presence of 
the photo-initiator [137]. Both types of membranes exhibited decreased pure water flux 
due to the reduction of the pore size. However, the milk water permeation and protein 
rejection of treated membranes were improved and the antifouling properties and flux 
recovery of the modified membrane were enhanced. The flux recovery after water 
washing could reach 62%. Instead of adding the photo-initiator, another way to modify 
the PVDF membrane using UV was to blend a small amount of photoactive poly(ether 
sulfone) (PES) in PVDF [138], and then the grafting polymerisation was initiated on the 
blend membrane through UV. The addition of PES in the PVDF membrane did not 
change the mechanical strength within the content of PES in 3.3 wt%; however, it made 
the photo grafting on PVDF possible. The modified membrane showed better fouling 
resistance than the original PVDF membrane, due to the increase of hydrophilicity. The 
adsorption amount of bovine serum albumin (BSA) on the membranes decreased from 
159 ± 2μg/cm2 to 13 ± 2μg/cm2 after 10 minutes of grafting. The filtration of a 0.1 wt% 
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BSA solution showed that the modified membrane had a lower BSA adsorption and 
better flux recovery. 
2.4.1.2.2 Plasma  
Plasma is an efficient way to anchor the functional graft chains on the surface of the 
PVDF membrane. Plasma treatment is usually limited to the membrane surface due to 
the lower energy of plasma and high stability of PVDF membrane, and hence the bulk 
properties of the membrane still remain unaffected. The thickness of the modified layer 
can be controlled up to the angstrom levels [139,154]. Hydrogen-, argon-, helium- 
oxygen-, nitrogen- and fluorine-containing plasmas are frequently used to modify the 
membrane surface. The charged and neutral species produced by plasma in different 
gases include electron, positive ion, negative ion, radical, atom, and molecule. The 
ionised species abstract hydrogen atoms from PVDF and produce the initiating sites on 
the membrane surface to initiate the polymerisation of functional monomers. The main 
disadvantage of plasma is that it requires a vacuum system, which increases the cost of 
the operation [154]. 
The surface properties of electronspun nanofibrous membranes can be altered through 
plasma initiation via multi-steps [139]. The membranes were firstly exposed to argon 
plasma, and then exposed to air for a desired time to facilitate the formation of surface 
oxide and peroxides. Lastly, the surface active membrane was grafted by hydrophilic 
methacrylic acid [139]. The pore size of electronspun nanofibrous membranes grafted 
by methacrylic acid reduced from 3.6 to 0.9μm and therefore it can be considered as a 
microfiltration membrane, similar in pore-size distribution of a commercial 0.45μm 
hydrophilic phase inversion membrane (HVHP, Millipore, USA) but with a 
significantly better flux. So plasma induced grafting indicated another way to develop 
micro- or ultra- filtration membrane from electrospun nanofiber membranes. 
Besides methacrylic acid, another common hydrophilic grafted monomer is 
poly(ethylene glycol) (PEG) [140]. A layer of PEG was firstly coated on the surface of 
the membrane, including the surface of the pores by dipping the membrane in a 
chloroform solution of PEG. The membrane was then exposed to argon plasma to 
initiate the grafting polymerisation. It was found that the water flux decreased with the 
increase of grafting degree, while the mean pore size remained almost unchanged. The 
protein adsorption experiment revealed that the PVDF-PEG membrane with a graft 
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concentration ([CO]/[CF2] ratio) above 3.2 exhibited good anti-fouling property. With 
the exception of hydrophilic monomers, hydrophobic monomers like styrene could be 
grafted to membrane to decrease the pore size and narrow the pore size distribution, 
which resulted in the higher contact angle, reduced water flux and increased BSA 
rejection. It was suggested that the grafting sites were produced by the cleavage of 
weaker C―H bonding (413 kJ/mol) by argon plasma, which produced a great number 
of free radicals and initiated the subsequent grafting polymerisation [141]. 
It was reported that low temperature plasma treatment can be directly used to modify 
the PVDF membrane surface with the reactive gas ammonia-fed discharge. The 
modified membrane with a rich surface of N-containing functionalities (NH, NH2, OH) 
increased the surface tension and enhanced the hydrophilicity [142]. Due to the 
positively charged properties originating from the N-containing moieties, the modified 
membrane (PF45psm) exhibited 100% retention and a relative flux of 65% for 
methylene blue (positively charged) as a nanofiltration membrane. All other properties 
of the modified membrane are listed in Table 2.9. 
2.4.1.2.3 Electron beam 
Comparing the less active initiating ability of UV and plasma to PVDF membrane, high 
energy irradiation (e.g. electron beam and gamma ray) is another efficient way to 
activate the PVDF membrane and initiate the grafting copolymerisation of functional 
monomer on the membrane surface. The G value for radical formation of PVDF on γ-
radiolysis under vacuum at ambient temperature is 3.3 (The G value is the number of 
species formed or the number of chemical changed of a particular type induced on the 
deposition of 16aJ (100 eV) of energy) [20]. The radicals induced by electron beam are 
believed to be principally located in the crystalline-amorphous interphase regions in 
PVDF. The stable radicals are predominantly chain-end and main-chain radicals arisen 
from the cleavage of main chain carbon-carbon bonds and carbon-fluorine bonds. The 
long-live radicals formed in the PVDF chain made the pre-irradiation grafting method 
possible, which produced less homopolymerisation than simultaneous grafting method 
and peroxy method, since monomers are not directly exposed to irradiation [20]. 
A great motivation to accelerate much of the current research into grafting 
fluoropolymers is the prospect of being able to produce an alternative to the very costly 
fuel cell membrane Nafion [155,156]. However in this study, hydrophilic modification 
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of the PVDF membranes is performed to treat drinking water or wastewater. Binary 
monomers of acrylic acid (AA) and sodium 4-styrenesulfonate (SSS) can be introduced 
to the PVDF membrane surface by a single step method. The binary monomer ratio and 
pH of reaction solution affect the degree of grafting. It was found that AA diffused onto 
active sites of the PVDF membrane due to better compatibility, and then sphere 
hydrated SSS could diffuse onto the PVDF membrane with improved hydrophilicity. 
The contact angle of membrane modified under optimum monomer ratio and pH value 
decreased from 62º to 0º in only 25 seconds [19]. 
A disadvantage of these linear grafting chains is that the graft chains grow long at high 
degree of grafting, and the long straight chains may consequently minimise or even plug 
the pores. Therefore, the grafted chains with special topologies e.g. comb-like brushes 
would be preferred. The PVDF membrane was first pre-irradiated with the high energy 
electron beam, and then the activated membrane reacts with the hydrophilic monomer 
of poly(ethylene glycol) methyl ether methacrylate in an aqueous solution [143]. Pure 
water flux of the modified membrane increased from 180 to 226 L/(m2h) because of the 
enhanced hydrophilicity and pore size. The electron beam irradiation induced the chain 
scissions especially in the crystalline-amorphous interphase regions and caused an 
increase in the molecular chains mobility [157]. The increasing movement of PVDF 
chains resulted in the chain crosslinking in the amorphous region. The appropriate 
scission and crosslinking contributed to the slight increase of pore size. Both 1H NMR 
and XPS results confirmed that the hydrophilic side chains (PEG) of grafted PEGMA 
stretch out of the membrane surface due to the special comb-like architectures without 
blocking the internal pores of the membrane. All other properties of the modified 
membrane are listed in Table 2.9. 
2.4.1.2.4 “Living”/controlled polymerisation grafting 
Recently, “living” polymerisations, including anionic and cationic polymerisations, 
have been used to graft copolymer on a solid surface [158-160]. Unlike the strict 
reaction condition required for ionic polymerisations, for example, complete absence of 
water, limited choice of monomer, “living”/controlled free radical polymerisations 
combine ease of polymerisation and a large number of monomers capable of reaction. It 
has the advantage of living ionic polymerisation for a better control, with the versatility 
and convenience of the free radical polymerisation [161,162]. 
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Atom transfer radical polymerisation (ATRP) and reversible addition-fragmentation 
chain transfer polymerisation (RAFT) are most widely used to graft chains or brushes 
onto the PVDF membrane surface. The key reaction mechanisms have been thoroughly 
discussed in previous publications [163-166]. For example, the structure-reactivity 
correlations, the transfer of a halide atom from a catalyst/ligand complex to a 
propagating macro-radical in ATRP, rules for the catalyst selection in ATRP [163,164], 
addition of propagating macro-radicals to the carbon sulphur double bond of a RAFT 
reagent, rules for the chain transfer agent selection in RAFT etc. have been explored by 
many researchers in recent years [165,166]. 
In this part, emphasis is placed on the surface modification applications of ATRP and 
RAFT methods on the PVDF porous membranes. Both methods are able to design and 
manipulate the structure and length of the grafted chains on the membrane surface, 
which as a result, are able to tune the pore size and the pore size distribution and avoid 
pore plugging [167]. Furthermore, ATRP and RAFT could produce more uniform and 
smooth surfaces than conventional radical polymerisation, which is an important factor 
in the adsorption fouling of protein during the micro- or ultra- filtration process. The 
choice of solvent for the surface grafting on PVDF membrane surface is crucial. On one 
hand, it should facilitate the successful controlled copolymerisation of grafted chains; 
on the other hand, it should keep the integrity of the bulk membrane without destroying 
or dissolving the membrane. The development of controlled/ living radical 
polymerisation in aqueous systems has enabled its application in the surface grafting on 
the PVDF membrane surface directly using water-borne system as the reaction medium 
[168]. 
The PVDF membrane is well-known for the excellent resistance to chemicals and 
oxidants due to the high carbon-fluoride bond strength, so the PVDF membrane with 
alkyl fluorides had not been widely used as ATRP initiators in earlier days. Therefore, 
surface initiators are usually immobilised onto the PVDF membrane surface prior to 
grafting. To activate the PVDF membrane, poly(glycidyl methacrylate) (PGMA) was 
coated on the PVDF membrane to form a reactive primary polymer layer, and then 
reaction of vapour-phase bromoacetic acid with the remaining epoxide groups of 
PGMA produced tethered bromoacetate groups capable to initiate ATRP of 2-
vinylpyridine on the PVDF membrane in the organic solvent of acetonitrile [144].  
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Table 2.9 Properties and performance of PVDF membranes modified by surface grafting. 
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Surface 
grafting PVDF membrane 
Pure water flux 
(L/(m2h)) 
MWCO 
 
Water flux 
recovery 
Contact angle 
(º) Monomer 
original PVDF 359 (50psi) 93%2 24% 92.3 
modified  124~333(50psi) 95~98%2 31~62% 66~82.7 
Acrylic acid (AA) and 2 
hydroxyethylmethacrylate 
(HEMA),2,4-phenylenediamine 
(PDA) and ethylene diamine 
(EDA), UV [137] 
original PVDF 946 (42kPa) 0.193μm 1 32.8% 86 
modified PVDF-g-PVP 135 (42kPa) 0.073μm 1 83~93% 32 
N-vinyl-2-pyrrolidinone (NVP), 
UV [138] 
original ENM, HVHP  3.58, 1μm  132±9,124±8 
modified grafted ENM, HVLP  0.88,0.9μm  62, 67 
Methacrylic acid (MAA),  
plasma [139] 
original PVDF 0.65μm,Millipore 14,220 (0.2bar) 50,000  115±2 
modified PVDF-g-PEG 9,720 (0.2bar) >162,000  73~61.5 
Poly (ethylene glycol) (PEG), 
plasma [140] 
original PVDF 578 (0.1MPa) 73%4  82 
modified PVDF-g-Poly(styrene) 23 (0.1MPa) 96%4  110 Styrene, plasma [141] 
original PF45 5(1bar) 40%5  90 
modified PF45 Psm 12.3(1bar) 100%5  70 Ar and NH3, plasma [142] 
original PVDF    88 
modified PVDF-g-SSS/AA    62 SSS/AA, electron beam [19] 
original PVDF 180.4(1bar) 0.27 μm 6 30%7 102.3 
modified PVDF-g-PEGMA 226.1 (1bar) 0.47 μm 6 85%7 51.0 PEGMA, electron beam [143] 
original PVDF 0.45μm, Millipore  1.11 μm8   
modified PVDF-g-poly(2-vinylpyridine)  0.98 μm
8   2-vinylpyridine, ATRP [144] 
original PVDF     
modified PVDF-g-PMMA or PVDF-g-PPEGMA    84 or 58 
MMA and PEGMA, ATRP [145] 
original PVDF 140~20   85 
 
modified 
 
 
PVDF-g-polySBMA 
 
90~80 
 
72%  89%,100% 
 
52 
 
 
SBMA, ATRP [146] 
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original PVDF 95 (1bar)  55.5% 80 
modified PVDF-g-PEGMA 80,60,4.5(1bar)  90.8% 60 
PEGMA, Thermal-induced, 
ATRP, Plasma [147] 
original PVDF   0.1810 93 
modified PVDF-g-PPEGMA or PVDF-g-PDMAEMA   0.02
10 78 , 73 
PEGMA, DMAEMA, ATRP 
[148] 
original PVDF 0.45μm,Millipore 1080(0.09MPa) 1.42 μm9 0.2810 124 
modified PVDF-g-PMMA, PVDF-g-PPEGMA 10440(0.09MPa) 0.75 μm
9 0.0810 94, 87 MMA, PEGMA, RATRP [149] 
original PVDF    93 
modified PVDF-g-PPEGMA or PVDF-g-PMMA    78, 73 
MMA, PEGMA, RAFT [150] 
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1 Pore size of the membrane calculated based on Poiseuille’s equation 
2 The protein rejection of homogenised milk with 3.2% protein 
3 Pore size of the membrane determined based on Young-Laplace equation 
4 Rejection of bovine serum albumin (BSA) with a molecular weight 68,000 g/mol 
5 Rejection of positively charged methylene blue 
6 Mean pore size of the membrane measured by a mercury porosimeter 
7 The relative flux ratio J/J0 after 3 hour filtration, J, flux of 1.0 g/L BSA, J0, flux of pure water 
8 Number-average pore diameters of the membranes 
9 Mean pore size of the membrane surface determined by Micro-image analysis and Process software 
10 [N]/[F] ratio expressing the relative amount of BSA absorbed onto the membrane surface 
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It is possible to tune the pore size, pore size distribution and ion-exchange capacity 
using polymerisation time as an independent variable because of the linear relationship 
between the grafting degree of polymer chain and “living”/controlled polymerisation 
time. 
Surface initiators can also be immobilised on the PVDF membrane by surface 
hydroxylation and esterification of the hydroxyl groups covalently linked to the surface 
with 2-bromoisobutyrate bromide. Thereafter, polymer brushes of methyl methacrylate 
(MMA) and poly (ethylene glycol) monomethacrylate (PEGMA) were grafted onto the 
PVDF membrane surface by ATRP [145]. X-ray photoelectron spectroscopy (XPS), 
attenuated total reflectance (ATR-FTIR) spectroscopy and contact angle can 
characterise the presence of surface grafted polymer brushes. Because of the higher 
active property of alkyl bromide bonding in the initiation of ATRP, bromide can be 
introduced onto the PVDF membrane via the O3/O2 treatment and subsequent 
bromination reaction [146,147]. The PVDF membranes grafted by poly(sulfobetaine 
methacrylate) (PSBMA) and PEGMA exhibited better anti-fouling for BSA filtration. 
Moreover, it was also reported that network-like PEGMA on the PVDF membrane 
surface adsorbed less BSA than brush-like PEGMA because of the higher hydration 
capacity [147]. 
However, in order to avoid the complicated multi-steps of immobilising initiators on 
the PVDF membrane and indirect grafting polymerisation, the first example using 
PVDF as macro-initiator to obtain amphiphilic graft copolymer for membrane 
applications was developed by Mayes and co-workers [169]. 
The most attractive attribute of this polymerisation route is the nature of PVDF as the 
macro-initiator. PVDF is an organic halide which can act as an ATRP macro-initiator, 
enabling the facile grafting of vinyl side chains directly onto PVDF. 
Chen et al. achieved the surface grafting copolymerisation of 2-(N,N-dimethylamino) 
ethyl mechacrylate (DMAEMA) and poly (ethylene glycol) monomethacrylate 
(PEGMA) on the PVDF membrane using ATRP in medium of distilled water [148]. To 
confirm the living nature of ATRP, PVDF membrane with already existed graft 
polymer brushes was further grafted by styrene using ATRP to form diblock copolymer 
 68
 Chapter 2      Literature Review 
brushes on the PVDF surface. Both homopolymer and diblock copolymer covalently 
tethered to the PVDF surface imparted new and well-structured functionalities directly 
onto the PVDF membrane, which demonstrated good antifouling properties. 
However, the halide species, R-X, is usually toxic and the catalyst/ ligand complex is 
easily oxidised by the dissolved oxygen in the solution. To overcome these drawbacks, 
a reverse atom transfer radical polymerisation (RATRP) has been explored to modify 
the PVDF membrane surface. RATRP is different from ATRP in its initiation process, 
where a conventional radical initiator, such as BPO, is used instead of the organic 
halide initiator. The PVDF membrane was first treated by UV irradiation and then 
exposed to the air to produce peroxide and hydroperoxide on the membrane surface, 
which were used for the subsequent surface-initiated reverse atom transfer radical 
polymerisation (RATRP) in toluene [149]. The results showed that the decrease of the 
water contact angle and the increase of the pure water flux for the modified PVDF 
membrane indicate the improvement of the surface hydrophilicity and protein 
antifouling. 
Besides ATRP and RATRP, another “living”/controlled polymerisation method, which 
is reversible addition-fragmentation chain transfer polymerisation (RAFT), can also be 
employed to graft hydrophilic polymer brushes onto the PVDF membrane surface. The 
PVDF membrane was firstly functionalised by hydroxyl groups, and then 4,4‘-
azobis(4-cyanopentanoic acid) (ACP) with azo species reacted with hydroxyl groups to 
produce the activated PVDF membrane, which was subsequently grafted by MMA or 
PEGMA with the aid of chain transfer agent (CTA) via RAFT. The modified membrane 
can further be grafted by 2-(dimethylamino)ethyl methacrylate (DMAEMA) to produce 
diblock copolymer brushes on the PVDF membrane surface [150].  
Although the different “living”/controlled methods have been employed to graft 
hydrophilic polymer on the PVDF membrane to improve the hydrophilicity and fouling 
resistance to proteins, most of them also experienced the flux reduction due to the pore 
plugging, which is inevitable for all surface grafting methods. As a result, blending 
method was introduced by using hydrophilic polymers, amphiphilic copolymers, and 
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inorganic particles as membrane additives. All other properties of the modified 
membrane are listed in Table 2.9. 
2.4.2 Blending modification of PVDF membrane 
Blending modification is the most practical way which can be applied to an industrial 
scale production. The hydrophilic PVDF membrane with other desirable properties can 
be obtained simultaneously during the membrane preparation process without any pre-
treatment or post-treatment procedures, which is usually adopted in surface coating or 
surface grafting techniques. More importantly, most of the surface grafting techniques 
focused on the flat sheet membranes, which limited its application in the modification 
of hollow fibre membranes; while blending some additives with PVDF and subsequent 
spinning hollow fibre would integrate both phase inversion preparation and hydrophilic 
modification procedure together using a single-step process. So far, three main types of 
additives were introduced to modify the PVDF porous membrane, which are 
hydrophilic polymers or pore forming additives, amphiphilic copolymers, and inorganic 
particles. All the blending modification methods of the PVDF membrane are listed in 
Table 2.10 [11,75,113,117,119,121,169-180]. 
2.4.2.1 Hydrophilic polymers 
Polyvinylpyrolidone (PVP), polyethylene glycol (PEG) and poly(methyl methacrylate) 
(PMMA) are three main hydrophilic polymer additives which are mostly used for the 
blending with PVDF. The main role of PVP or PEG in the modification and preparation 
process of the PVDF membrane by non-solvent induced phase inversion is more like 
pore forming agent rather than hydrophilic agents, because these additives are water 
soluble and can be washed out during membrane preparation and operation processes 
[11]. 
Moreover, the addition of these two additives is able to adjust the thermodynamics and 
kinetics in casting or spinning solution to control the morphology, pore size and pore 
size distribution [170]. The hydrophilic properties, as well as fouling resistance, would 
be reduced to some extent as a result of the dissolving out of the hydrophilic polymers 
due to the incompatibility with PVDF. 
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Table 2.10 Properties and performances of PVDF membrane modified by blending. 
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Blending PVDF membrane Pure water flux (L/(m2h)) 
Rejection 
 
Water flux 
recovery 
Contact 
angle(º) Additives 
original PVDF Kynar-460, 20% 0.35Lcm-2min-1 0.106μm1  80 
modified PVP 7.5% 0.68 Lcm-2min-1 0.22μm1  78 PVP, flat sheet [75] 
original PVDF12.8% 9.25(0.1MPa) 83.34%   
modified PVP  3% 440(0.1MPa) 77.24%   PVP,  hollow fibre [170] 
original PVDF 10% (1bar)    
modified PEG 2.5% 4*103ml/cm2s 75~80%2   PEG, flat sheet [11] 
original PVDF19% 1.3(1bar) 553  80 
modified PMMA 5% 209±120(1bar) 38±193  68 PMMA, flat sheet [171] 
original PVDF 18% 31.8 (276kPa) ~20%4   
modified P(MMA-r-POEM) 2% 48.2~166.2 ~20%4   
P(MMA-r-POEM), flat sheet 
[172] 
original PVDF 16% 106.3    
modified P(MMA-r-POEM) 3.2% 693.0 128nm5 86.6% 15s6 
P(MMA-r-POEM), hollow fibre 
[173] 
original PVDF 18%    89.9 
modified PVDF-g-POEM, 2%    53.5 
PVDF-g-POEM,  ATRP, flat 
sheet [169] 
original PVDF 18%     
modified PVDF-g-PMAA 2% 507~29.0    
PVDF-g-PMAA,  ATRP, flat 
sheet [174] 
original PVDF 10 (0.1bar) 63~97nm   
modified PVDF-g-PTMSPMA 80~100 (0.1bar) 130~175nm   
PVDF-g-PTMSPMA, ATRP, 
flat sheet [175] 
original PVDF ~1607   124 
modified PVDF-g-PEGMA 3607 0.5μm8  34 
PVDF-g-PEGMA, RAFT [176], 
thermal [177], flat sheet  
original PVDF 10% ~50(0.1MPa) 99%4 22% 92 
modified HPE-g-MPEG 3% ~600(0.1MPa) 92%4 89% 49 HPE-g-MPEG, flat sheet [178] 
original PVDF 12%, PT12-0-FW 310 0.2 μm9  72.5 
modified TiO2 2%, PT12-0-FW 300 0.125 μm9  68 
TiO2, flat sheet [121] 
original PVDF 15% 303 93%10  86.7 
modified TiO2/PVDF=0.3 331 95%10  81.1 
TiO2, flat sheet [179] 
original PVDF M3 ~750 94.4%4 28.2% 85 TiO2, flat sheet [117] 
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modified PVDF- TiO2 M3 (Ti) ~750 88.8%4 80.5% 54.1 
original PVDF 18% ~80 0.074 μm11  82.9 
modified SiO2 sol 3% 301 0.099 μm11  53.4 
SiO2, hollow fibre [119] 
original PVDF 19% 52.0 95.5% 88.5% 83.6 
modified Al2O3 2% 74.3 96.5% 91.5% 57.4 
Al2O3, flat sheet [113,180] 
 
1 Mean pore radius of the membrane measured by gas permeation method 
2 Rejection of 1% aqueous solution of PVA 205 for membranes treated in hot water 
3 Rejection of 5% aqueous solution of PEG 35,000 
4 Rejection of BSA solution with the molecular weight 67,000 
5 Carbon ink particles above 128nm can be rejected by the membrane 
6 The contact angle of the inner surface of hollow fibre #7 drops from 82ºto 0º in 15s 
7 Permeation of 1g/L γ-globulin solution after 600s 
8 Mean pore size measured on Coulter PorometerⅡ 
9 Mean pore size measured by a microflow porometer 
10 Rejection of PEO MW 100,000 
11 Mean pore radius determined by filtration velocity method 
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However, PMMA provides compatibility with the PVDF matrix and water insolubility 
[171,181]. Membranes with different hydrophilicity were prepared from blending of 
PVDF and PMMA. Increasing PMMA content in the blending membrane to 50% 
delivered a better permeate quality than that of membranes with similar mean pore 
sizes, indicating that the rejection is affected not only by pore size distribution but also 
by the solute-membrane interaction. 
 
As PVDF concentration is as low as 8.5%, the same to PMMA, the macrovoids 
appeared below the selective surface, causing a collapse of membrane structure due to 
the compaction during the filtration process, resulting in a lower value of permeability. 
Other hydrophilic polymers which are used to study their modification effects on the 
PVDF porous membrane include sulfonated polycarbonate (SPC) [182], 
perfluorosulfonic acid (PFSA) [183], and sulfonated polystyrene [184]. 
2.4.2.2 Amphiphilic copolymers 
Since Mayes et al. preliminarily reported the preparation of protein resistant surfaces on 
PVDF membrane via surface segregation using the amphiphilic comb-like copolymer 
P(MMA-r-POEM) as membrane additives in 1999 [185], a great amount of research on 
the synthesis of amphiphilic copolymers and their applications in the area of hydrophilic 
and anti-fouling modifications for the PVDF membrane have been investigated. 
Generally, the synthesis of amphiphilic copolymers can be achieved by general radical 
polymerisation [173], thermal graft copolymerisation [177], atom transfer radical 
polymerisation (ATRP) [169] and reversible addition-fragmentation chain transfer 
polymerisation (RAFT) [176]. 
 
After polymerisation, the purified amphiphilic copolymer or mixture can be blended 
with PVDF to obtain a homogenous solution ready to cast or spin. The hydrophilic 
chains of amphiphilic copolymer would segregate and enrich onto the membrane 
surface during phase inversion process to minimize the interface free energy. An 
irreplaceable advantage for the use of amphiphilic copolymer as the membrane additive 
is its integration of self-organisation modification and phase inversion fabrication of the 
PVDF membrane. These two objectives can be achieved by one single step process. The 
hydrophobic backbone chains which are usually composed of PVDF or PMMA 
guarantee the compatibility with the PVDF bulk while the hydrophilic chains (e.g. 
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PEGMA, PAA) prefer to surface segregate and self-organised at the water/membrane 
interface including both membrane surface and pore/channel surface, providing a high 
coverage of hydrated side chains anchored by a backbone that is insoluble and 
entangled with the PVDF bulk. Therefore, surface segregation of self-organising 
amphiphilic copolymers would appear to be a surface modification approach capable of 
simultaneously satisfying all the desired criteria: a) sufficient coverage of the internal 
pore channels as well as the selective layer; b) long-term stability of the modified 
functionalisation; c) feasibility of the modification approach without any additional 
processing and low cost; d) retaining the bulk membrane properties; e) simultaneous 
improvement of permeability and selectivity; and f) diversity of surface engineering.  
P(MMA-r-POEM) (poly(methyl methacrylate-r-poly(ethylene glycol) methyl ether 
methacrylate) also expressed as an abbreviation of P(MMA-r-PEGMA) amphiphilic 
copolymers were synthesised using less expensive radical polymerisation route 
[172,173,185]. The methacrylate backbone has a well-known miscibility with PVDF 
and delivers the long-term stability of amphiphilic copolymers in the membrane matrix. 
The surface enriched POEM (poly(ethylene glycol) methyl ether methacrylate) chains 
endow the PVDF membrane with desired hydrophilicity and fouling resistance.  
The addition of 14.6 vol.% P(MMA-r-POEM) in the bulk membrane exhibited a much 
higher content of 44 vol.% on the near surface of the flat sheet membrane, contributing 
a pure water flux of 166.15L/(m2h) with the BSA rejection of 20% as listed in Table 
2.10. Furthermore, the modified membrane showed a lower decline trend of BSA 
solution permeation, indicating a better protein fouling resistance [172]. The 
hydrophilic PVDF hollow fibre membrane was also fabricated using P(MMA-r-POEM) 
as the membrane additive [173]. 
The kinetics investigation of the amphiphilic copolymer during the phase inversion 
process showed that P(MMA-r-POEM) delayed the onset of demixing and slowed down 
the precipitation process of PVDF/P(MMA-r-POEM). The hollow fibre showed a pure 
water flux of 693.0L/(m2h) with rejecting carbon ink particles above 128nm completely. 
The enhanced hydrophilicity also improved the protein fouling resistance and 
permeation recovery by simple water washing. 
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Another amphiphilic copolymer is PVDF based copolymer which is achieved by using 
PVDF directly as the macro-initiator [169]. The secondary fluorine atoms on the main 
chain of PVDF backbone can be used to initiate the polymerisation of hydrophilic 
monomers via ATRP to form comb-like amphiphilic copolymers as shown in Figure 
2.5. The hydrophilic side chains like POEM or poly(tert-butyl methacrylate) grow along 
the PVDF backbone due to the halogen exchange between fluorine and chlorine in the 
CuCl catalyst despite the strong C-F binding energy (486 kJ/mol) [169]. Adding 10 
wt% PVDF-g-POEM in the bulk PVDF membrane produced a 6.7 wt% content of 
POEM in the bulk membrane, in the contrast, a 64 wt% content of POEM on the near 
surface, which are roughly equivalent to that of pure graft copolymer, indicating the 
surface enrichment of hydrophilic side chains of POEM on the PVDF membrane 
surface. The contact angle is 53.5º and yields a 7-times reduction in BSA adsorption.  
PVDF-g-PMAA was also prepared by the grafting copolymerisation of poly(tert-butyl 
methacrylate) on PVDF and subsequent hydrolysation. The microphase separation as 
shown in TEM in Figure 2.6 and surface segregation provided the membrane with pH-
responsive properties. The pure water flux varied from 507.0 L/(m2h) at pH 2 to 29.0 
L/(m2h) at pH 8 due to the corresponding conformation changes of PMAA brushes 
[174]. Fluorescence microscopy shown in Figure 2.7 revealed that surface self-
organisation occurred in internal channels throughout the membrane cross-section, as 
well as the selective surface. 
 
 
Figure 2.5 Schematic synthetic route of amphiphilic copolymer PVDF-g-POEM or 
PVDF-g-PMAA by ATRP [169]. 
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Figure 2.6 TEM image of PVDF-g-POEM9 nanodomain morphology showing 
interconnected PVDF domains (bright phase), scale bar is 2nm [186]. 
 
 
 
Figure 2.7 Fluorescence micrographs of acridine orange (AO) stained membranes 
[174]. 
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Kang’s group synthesised a series of amphiphilic copolymers based on PVDF using 
ozone pre-treating and subsequent RAFT or thermal graft copolymerisation, and then 
explored their applications in microfiltration and environmentally stimulated membrane. 
PVDF was pre-activated by ozone to generate peroxides or hydroxides and then was 
grafted by PEGMA via RAFT using 1-phenylethyl dithiobenzoate (PDB) as the chain 
transfer agent (CTA) [176] as shown in Figure 2.8. The synthesised amphiphilic 
copolymer PVDF-g-POEM has the similar chemical structure, molecular weight, micro-
phase separation and surface segregation properties, compared to that of PVDF-g-
POEM synthesize by ATRP [169]. Microfiltration membranes fabricated from the 
PVDF-g-PEGMA comb copolymers by phase inversion exhibited more uniform pore 
size distribution, better hydrophilicity and substantial resistance to γ-globulin fouling. 
PVDF-g-PAAc was also synthesised using the same route as above and then converted 
into pH-sensitive microfiltration with surface-tethered PAAc chains, which can be 
furthermore functionalised via surface initiated block copolymerisation with N-
isopropylacrylamide (NIPAAM) to obtain the PVDF-g-PAAc-b-PNIPAAM 
microfiltration membranes exhibiting both pH- and temperature-dependent permeability 
to aqueous media. 
Different from Mayes’s work using PVDF graft amphiphilic copolymers as the 
membrane additives, Kang’s group used amphiphilic copolymers as the bulk materials 
to prepare multi-functional micro-porous membranes directly. Other amphiphilic 
copolymers based on the PVDF backbone were synthesised through thermal graft 
copolymerisation. PVDF was first pre-treated with ozone and the activated PVDF was 
then subjected to thermal copolymerisation with the functional monomer, such as 
PEGMA [177], AAc and 4VP [187,188], NIPAAM [189], and VBV [190]. 
The synthetic route is shown in Figure 2.9. The microporous membrane fabricated from 
the corresponding copolymer by phase inversion showed anti-fouling, pH-responsive, 
temperature-responsive and redox-responsive permeability. 
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Figure 2.8  Schematic synthetic route of amphiphilic copolymer PVDF-g-PEGMA 
by RAFT [176]. 
 
 
Figure 2.9 Schematic synthetic route of amphiphilic copolymer PVDF-g-PEGMA, 
PVDF-g-PAAc, PVDF-g-NIPAAM, PVDF-g-VBV, PVDF-g-4VP by 
thermal graft copolymerisation (TGC) [177,187-190]. 
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The topological structure (e.g. linear, comb-like, hyperbranched-star) has an important 
effect on the properties of amphiphilic copolymers, as well as that of membranes. 
Amphiphilic hyperbranched-star copolymers (HPE-g-MPEG), which possess a highly 
branched structure and a large number of terminal functional groups have been 
synthesised by grafting methoxy poly(ethylene glycol) (MPEG) to a commercially 
available hydroxyl-terminated aliphatic hyperbranched polyester (HPE) as shown in 
Figure 2.10 [178]. 
 
Figure 2.10 Synthetic route schematic of amphiphilic copolymer HPE-g-MPEG [178]. 
 
The amphiphilic copolymer (HPE-g-MPEG) was blended with PVDF as the membrane 
additives to fabricate hydrophilic and the fouling resistant PVDF membrane via 
immersion precipitation phase inversion technique. The addition of 3 wt% HPE-g-
MPEG imparted the PVDF membrane with a low contact angle of 49º and a high pure 
water flux of 600L/(m2h). The hydrophilic PVDF membrane also exhibited an enhanced 
fouling resistance to protein, which possessed an 85% recovery of flux after water 
washing due to the extraordinary large excluded volume, unique coordination capability 
with surrounding water molecules of hydrated PEG branched chains [178]. It was found 
that the MPEG arms in hyperbranched-star polymer can enrich at the membrane 
surfaces and endow the membranes with improved hydrophilicity, less protein 
adsorption and filtration performance with increasing MPEG arm length [191].  
2.4.2.3 Inorganic nano particles 
In the field of blending modification to improve the PVDF porous membrane 
performance in terms of hydrophilicity, fouling resistance and permeability, the 
incorporation of inorganic nano particles has been extensively studied because of its 
simplicity.  It is well known that nano particles have unique electronic, magnetic, 
 79
 Chapter 2      Literature Review 
optical, thermal and mechanical stable properties to improve the performances of 
membranes to a certain extent due to their small sizes between a few and a few tens of 
nanometers, large surface areas and strong activities. In comparison to surface coating, 
surface grafting and blending with polymers, blending with inorganic nano particles 
finds its way to enhance the mechanical strength of PVDF membranes to some extent as 
highlighted in section 3.2.   The uniform dispersion of nano particles in the matrix is the 
crucial process for the preparation of organic-inorganic hybrid membranes. The 
nanoparticles incorporated into the PVDF membrane mainly include TiO2 
[117,121,179], SiO2 [122], Al2O3 [180] and ZrO2 [114] so far. 
Hydrophilic nano particles can be entrapped inside the PVDF ultrafiltration membrane 
by the addition of TiO2 to treat activated sludge filtration as membrane bioreactors 
(MBRs). TiO2 entrapped membrane showed lower flux decline and greater fouling 
mitigation because of the enhancement of hydrophilicity. However, the entrapped nano 
particles have a possibility to plug the pores inside; therefore, the deposition or self-
assembly of the nano particles TiO2 on the PVDF membrane surface was investigated 
[117,179]. The results revealed that TiO2 deposited membrane showed greater fouling 
mitigation effect compared to TiO2 entrapped membrane, since large amounts of nano 
particle could be located on membrane surface. TiO2 was able to self-assemble on 
poly(vinylidene fluoride)/poly(styrene-alt-maleic anhydride) (PVDF/SMA) blend 
membrane surface because of the hydrogen interaction between carbonyl of SMA and 
surface hydroxyl group of TiO2. The self-assembly PVDF membrane exhibit 
extraordinary hydrophilicity, superior permeability and excellent fouling resistance in 
contrast with PVDF/SMA blend membrane. 
PVDF/SiO2 hybrid hollow fibre ultrafiltration membranes were prepared by the 
combination of a tetraethoxysilane (TEOS) sol-gel process with a wet spinning method. 
The addition of SiO2 into PVDF changes the finger-like pores to sponge-like pores and 
PVDF crystal formation during the phase inversion process from α crystal phase to β 
phase. The lowest contact angle was also obtained with 3 wt% TEOS and it increased 
when TEOS concentration was higher than 3 wt%. The formation of large scale SiO2 
network at higher content of TEOS consumed hydroxyl groups due to the condensation 
reaction between Si―OH. While SiO2 could be dispersed finely as smaller particles in 
the PVDF matrix at lower TEOS concentration and increased the amount of ―OH 
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groups.  3 wt% content of TEOS in the matrix increased the break strength from 1.61 
MPa to 2.39 MPa, while decreasing the elongation at break from 257% to 160% [119]. 
Further addition of TEOS concentration increased the rigidness of membrane and 
confined the crystallisation, which finally led to the decrease of the mechanical strength, 
so does the elongation at break. Similar results were obtained in the case of the addition 
of nano-sized Al2O3 in the PVDF membrane [113,180]. The optimum amount of nano-
sized Al2O3 2% by weight was used to acquire the better mechanical and thermal 
properties as well as the hydrophilicity, permeability and fouling resistance. 
2.5 Conclusions 
In this chapter, the latest progress in the production and hydrophilic modifications of 
PVDF membranes was comprehensively reviewed. Initially, the analysis of properties 
and performances of PVDF as a membrane material such as crystallisation, thermal 
stability and chemical resistance was focused. And then, more detailed discussions were 
emphasized on membrane fabrication methods and the related work on modifications 
for improving fouling resistance properties.  
 
In terms of the PVDF crystallisation during membrane formation, the fabrication 
condition such as dissolving temperature, precipitation temperature, coagulation 
medium and coagulation temperature etc. affected both the degree of crystallisation and 
crystalline phases. Therefore, crystallisation has a further influence on the final 
morphology, chemical and thermal stability and mechanical strength of PVDF 
membranes. As for the thermal and chemical stability of PVDF, the exact degradation 
mechanism of PVDF under harsh environments such as extremely high temperatures 
and strong alkaline treatment still remains unclear and challenging. Thus, further 
investigation on the stability of PVDF under caustic environment would be useful. 
 
Regarding the preparation of PVDF membranes, two main methods were so far 
extensively developed and applied including the immersion precipitation and thermally 
induced phase separation. However, there is still no consensus on the control of the 
phase separation mechanism due to the complicated factors during the phase conversion 
process especially for the fabrication of PVDF hollow fibre membranes. However, the 
interconnected bi-continuous structure rather than finger like pores for micro- or ultra- 
filtration membranes seems to prevail due to the obvious enhancement of permeation 
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flux and mechanical strength. Different methods like vapour induced phase separation 
or a combination of immersion precipitation and thermally induced phase separation 
may occupy their unique positions in future.  
 
To improve the fouling resistance of PVDF membranes, various hydrophilic 
modification techniques were mainly classified into surface modification and blending 
modification. However, most of the antifouling modification techniques for PVDF 
membranes have been achieved in the lab-scale and also not suitable for large scale 
productions. For instance, amphiphilic graft copolymers require quite a large volume of 
chemicals, energy and also time during their preparation, thus a new economical method 
to prepare and use them in the membrane preparation would be extremely beneficial. 
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CHAPTER 3 
Preparation of PVDF Membranes Using SiO2 as an Additive 
 
Abstract 
Silicone dioxide (SiO2) has been widely used in the preparation of poly(vinylidene 
fluoride) (PVDF) membranes, yet most of the studies focussed on the preparation of 
composite PVDF membranes or the fabrication of PVDF membranes via a thermally 
induced phase separation (TIPS) method. In this work, we first report the preparation of 
PVDF membranes with SiO2 particles as an additive via a conventional phase inversion 
immersion precipitation method. In general, the additive will be rinsed out from the 
prepared membranes through a coagulation bath or rinsing bath; however, in this study 
SiO2 particles stayed in membrane precursors during the phase inversion process at the 
beginning and were subsequently removed by a post treatment using a 20 wt% sodium 
hydroxide (NaOH) solution at 70°C for 1 hour. The resultant membranes showed a 
significant pure water flux improvement from 1.3 L/(m2·h) for a pure PVDF membrane 
to a maximum flux of 570.0 L/(m2·h) for the membrane prepared from the SiO2/PVDF 
ratio of 2:3. By treating the membranes with the NaOH solution, pure water flux has 
been improved. The maximum values of porosity and pure water flux were all obtained 
at SiO2/PVDF ratio of 2:3.The formation of macrovoids in the pure PVDF membrane 
prepared from 1-methyl-2-pyrrolidone (NMP) as a solvent was gradually suppressed 
with the increasing amount of SiO2 particles in casting solutions. 
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3.1 Introduction 
Polyvinylidene fluoride (PVDF) is semi-crystalline polymer with excellent thermal 
stability and outstanding chemical resistance, and has become one of the most popular 
membrane materials. A significant amount of research has been carried out for the 
preparation of the PVDF membrane and its applications [1-4]. The mechanism of 
membrane formation has also been extensively studied, such as the event of 
crystallisation taking place prior to liquid-liquid demixing during the precipitation 
process [5-7]. The performance of PVDF membranes can be improved by means of a 
proper selection of solvents, additives, coagulants and fabrication methods [8-15]. 
Recently, blending of inorganic materials with polymer solutions has attracted attention 
among researchers [16-18]. The presence of dispersed inorganic particles in the polymer 
matrix has been proven to improve the membrane performance and other properties, 
such as (1) enhancing mass transfer in the membrane pervaporation process [19]; (2) 
increasing selectivity in gas separation [20]; (3) improving membranes hydrophilicity 
and fouling resistance properties [16,21] and improving mechanical resistance [22]. The 
examples of inorganic particles that have been incorporated into PVDF membranes 
include titanium dioxide (TiO2) [16,21], alumina (Al2O3) [23,24], zirconium dioxide 
(ZrO2) [18] and small inorganic salts, such as lithium chloride (LiCl) [12]. Another type 
of inorganic particle, silica (SiO2) has also found importance as an inorganic additive in 
the preparation of PVDF membranes. Silica possesses advantageous properties such as 
a high chemical stability and good compatibility with organic solvent used to prepare 
PVDF solutions [17]. The dispersion of silica particles in the PVDF solution increases 
solution viscosity, thereby facilitating the preparation of PVDF membranes on a 
support, with higher mechanical strength, better flux and retention [17]. 
Silica has been reported to have increased the performance of the organic-inorganic 
anion-exchange PVDF-SiO2 membranes, as well as the hydrophilic properties [25]. 
With increasing silica contents, the transport properties and hydrophilicity of PVDF 
membranes can be enhanced. It has been observed that the structure of the PVDF 
membrane changed from a finger-like structure to a sponge-like structure with the 
presence of silica during the preparation of PVDF-SiO2 composite hollow fibre 
membranes using the sol-gel process from tetraethoxysilane (TEOS) [26]. Moreover, 
the crystal formation has also changed from α-phase to β-phase during the phase 
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inversion process, while the hydrophilicity and permeability of the hollow fibre 
membranes have been improved as a result of the TEOS addition. 
Most of the research has focussed on the preparation of composite or hybrid organic-
inorganic membranes through the incorporation of inorganic particles. There is an 
exceptional example, where PVDF hollow fibre membranes were prepared using a large 
amount of SiO2 inorganic particles sized between 0.005 and 0.5 µm as additives, via a 
thermally induced phase separation (TIPS) method [14,27]. The addition of SiO2 
particles was anticipated to be beneficial for improving the flowability in the molding 
process, by controlling the absorbing diluents from being liberated from PVDF resin, as 
well as functioning as a nucleus for micro-phase separation between the diluent and 
PVDF during cooling of the molded membrane. The SiO2 particles were then extracted 
and washed out by using a sodium hydroxide solution. This process subsequently 
contributed to the pore formation in the resultant membranes. Such membranes prepared 
from the TIPS process showed an interconnected structure, excellent performance and 
good mechanical strength after the SiO2 particles were washed out. Since this is a 
relatively new topic, the detailed mechanisms of how the inorganic particles influence 
the membrane formation during phase inversion remain unclear. 
Nevertheless, the above example provides an idea that, instead of trapping the particles 
in the bulk membrane phase, the SiO2 particles can be removed after the formation of 
membrane via a post treatment using specific chemicals, thereby creating high 
porosities in the membrane. By employing this principle, porous PVDF membranes 
could be fabricated through a conventional membrane preparation technique such as 
phase inversion via the immersion precipitation method. Phase inversion via immersion 
precipitation is a common method for the fabrication of polymeric membranes such as 
PVDF membranes. Most commercially available membranes are prepared by this 
method due to the simplicity of the process and ease of fabrication. 
This chapter describes the preparation of flat sheet PVDF membranes with the addition 
of SiO2 via a more conventional method: the immersion precipitation phase inversion 
process. In this study, the SiO2 particles are only used as additives, which can be 
washed out from the membrane by a treatment with alkali solution. The effect of the 
SiO2 particles on the membrane structure, performance and properties will also be 
investigated.  
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3.2 Experimental 
3.2.1 Materials 
Poly(vinylidene fluoride) (PVDF, Kynar®761) polymer powder was purchased from 
Atofina Chemicals Inc., USA. Reagent grade 1-methyl-2-pyrrolidone (NMP) was 
obtained from Rathburn Chemicals Ltd., UK. Colloidal silica (MEK-ST-L, 30.6 wt%, 
Specific Gravity: 1.001) in methyl ethyl ketone (MEK) was purchased from Nissan 
Chemical Industries Ltd., Japan. Sodium hydroxide (NaOH) (BDH AnalaR) was 
purchased from VWR International Ltd., UK. In all cases, deionised (DI) water was 
used as the coagulation bath medium. 
 
3.2.2 Preparation of PVDF membranes with the addition of SiO2 particles 
Silica particles were obtained through the drying of the colloidal silica through the 
evaporation of MEK, followed by the grinding of the particles using a glass mortar and 
pestle. The desired amount of dried silica particles were then dispersed into a bottle 
containing a pre-weighed NMP solvent. After that, the suspension was stirred 
continuously until no large agglomerates were visually observed. At this stage, an 
ultrasonic bath was applied for one hour to assist the dispersion of silica particles in the 
NMP. The PVDF polymer was then added to the bottle and mixed continuously at 60°C 
for 24 hours in order to ensure a complete dissolution of the polymer. Once the polymer 
was fully dissolved, the solution was filtered using a fine metal mesh in order to remove 
large particles or agglomerates. Prior to casting, the solution was allowed to cool at 
room temperature and degassed under vacuum. A series of PVDF casting solutions with 
the addition of silica were prepared with different ratios of SiO2/PVDF between 0:1 and 
3:2. In this study, PVDF concentration was kept constant at 18 wt% for all the prepared 
solutions.  
Each solution was cast on a glass plate (see Appendix B.1) and then immediately 
immersed into a coagulation bath containing deionised water. The prepared membranes 
were kept in deionised water for 3 days, and subjected to intermittent fresh water 
changing prior to further treatment and membrane characterisations. Further treatment 
was applied to the membranes, where the prepared membranes were immersed into a 20 
wt% NaOH solutions for 1 hour at 70°C. After the treatment, it was observed that the 
membrane colour changed immediately from white to brown upon immersion into 
NaOH solutions. Characterisations were performed on both the prepared membranes 
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before and after NaOH treatment. Table 3.1 lists the membrane preparation conditions 
and casting conditions. 
Table 3.1  Membrane preparation and casting conditions. 
Ratio of SiO2/PVDF of casting solutions Value 
A0 0:1  
A1 1:3 
A2 1:2 
A3 2:3 
A4 1:1   
A5 3:2 
Casting Conditions  
Casting knife gap distance (µm) 200  
Casting temperature (°C) 20 
Coagulation bath temperature (°C) 20 
Casting speed (cm/sec) 6.0  
Evaporation time (sec) 10  
Post treatment  
Concentration of NaOH (wt%) 20    
Treatment temperature (°C) 70   
Duration of treatment (hour) 1 
 
 
3.2.3 Membrane characterisation 
3.2.3.1 Membrane morphology 
The morphology of the surface and cross-section of the PVDF membranes prepared 
were examined by Scanning Electron Microscope (SEM; JSM-5610LV, JEOL, Tokyo, 
Japan). The membranes were immersed in ethanol for 10 minutes, and then in liquid 
nitrogen for about 5-10 minutes. Following that, membrane samples were fractured, and 
then flexed into a short sample with tweezers in order to maintain the original cross-
sectional fracture of the membranes. These membrane samples were positioned on a 
metal holder, then sputter coated with gold under a vacuum for 3 minutes. The 
micrographs of the surface and cross section of the membranes were taken at various 
magnifications. 
 102
Chapter 3                   Preparation of PVDF Membranes Using SiO2 as an Additive 
 
 
3.2.3.2 Porosity measurement and bubble point method 
The bulk porosity of the membranes was estimated by the ratio of pores or voids to the 
total volume of membrane samples. This type of porosity measurement can be 
determined by a gravimetric method, which can be calculated using Equation 3.1: 
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where w1 is the weight of wet membrane, w2 the weight of dry membrane, ρw is the 
water density (0.9982 g/cm3), and ρm is the density of bulk phase membrane determined 
by the weight of dry membrane over the volume of wet membrane. In this study, the 
density of the polymer was not applied in the estimation of porosity because it may not 
have been accurate due to the presence of residual SiO2 particles (if any) in the bulk 
membrane phase. 
 
The maximum pore sizes of PVDF membranes were measured by the bubble point test 
according to the standard method, ASTM F316-80 [28]. This test is based on the 
principle that a wetting liquid is held in the capillary pores by capillary attraction and 
surface tension. The minimum pressure required to force liquid from these pores is a 
function of pore diameter and the pressure at which a steady stream of bubble appears in 
the test is the bubble point pressure. The membranes were first immersed in a 50:50 
(vol%) mixture of ethanol and deionised water. After 15 minutes, deionised water was 
used to gradually displaced ethanol to wet the membrane. The fully wetted sample is 
placed in the sample chamber and the chamber is sealed. Nitrogen gas is allowed to 
flow into the chamber, and the minimum bubble point pressure is recorded. The 
maximum pore sizes of the membranes are estimated from the Equation 3.2. 
Equation 3.2   θσ cos2
P
rp = , 
where rp is the pore radius (m), σ is the surface tension at the liquid/nitrogen interface 
(Nm-1), P is the applied pressure (Pa), and θ is the contact angle (°). The minimum 
pressure required to force the liquid out of the pores is referred to as the bubble point, 
which corresponds to the maximum pore size. 
 
3.2.3.3 Pure water flux measurements 
Pure water flux measurements of the membranes were conducted in a stainless steel 
cross-flow testing cell. Membrane discs with an effective membrane area of 0.0018 m2 
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(diameter = 0.048 m) were cut and placed on a sintered metal plate. An O-ring was used 
to seal the feed solution from the permeate side and magnetic pump was used as the 
driving force for water filtration using deionised water at a transmembrane pressure of 1 
bar. Pure water flux of the membrane was calculated by the following Equation 3.3: 
Equation 3.3    
tA
VJ w Δ=       
where V is the volume of water or solution permeated from membrane (L), A is the 
membrane effective surface area (m2) and Δt is the permeation time (h). Each membrane 
sample was tested several times and the measured fluxes varied by no more than 5%. 
 
3.2.3.4 ATR-FTIR analysis 
A few membrane samples were analysed by using a Fourier Transform Infra-Red 
(FTIR) spectrometer (Perkin Elmer, Spectrum One equipped with an Attenuated Total 
Reflection (ATR) attachment). The samples were placed on the sample holder and all 
spectra were recorded in the wavenumber range of 1850-1450 cm-1 by accumulating 32 
scans at a resolution of 2 cm-1. 
 
3.3 Results and discussion 
3.3.1 Effect of SiO2 addition on solution viscosity 
Viscosity measurements of PVDF solutions prepared from 18 wt% PVDF containing 
different ratios of SiO2 have been performed, and the result is shown in Figure 3.1. As 
seen in Figure 3.1, the viscosity of solutions increases exponentially with the increase of 
SiO2 contents. When the ratio of SiO2 to PVDF rose to 3:2, the solution’s viscosity 
reached above 130,000 cP at 20°C, and it became more difficult to obtain a 
homogeneous solution under this condition. As a result, a flat sheet membrane could not 
be casted smoothly; hence, any further increment beyond this ratio is not considered in 
this study.  
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Figure 3.1 Effect of addition of SiO2 particles on the viscosity of PVDF solutions. 
 
3.3.2 Effect of SiO2 addition on membrane porosity and the maximum pore size 
PVDF flat-sheet membranes have been prepared using SiO2 particles as additives via a 
phase inversion immersion precipitation method. Figure 3.2 shows the SEM images of 
the overall cross-sectional morphology of the prepared membranes (before treatment 
with a NaOH solution), and the corresponding porosity measurement data (before and 
after treatment with the NaOH solution). From the SEM images, it can be seen that the 
morphology of pure PVDF membrane changes significantly when the SiO2 particles are 
added into the casting solution. Without the presence of SiO2 particles, large 
macrovoids could be observed in pure PVDF membrane, this can be considered as quite 
a common phenomenon observed during the casting of the PVDF solution prepared 
from NMP as a solvent. 
However, when the SiO2 particles are added into the membrane casting solution, the 
resultant membrane morphology shows a relatively smaller size of macrovoids. By 
increasing the ratios of SiO2, the gradual suppression of macrovoids, with a narrower 
finger-like structure, could be observed. When the ratio of SiO2 to PVDF reached 1:1, it 
could be noticed that the number/amount of finger-like voids appearing in the 
membrane was sharply reduced, and then further reduced at the ratio of 3:2. These 
observations were found to be different from another observation, of which the 
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membrane structure was not particularly affected when inorganic ZrO2 particles were 
used as an additive during the preparation of PVDF membranes [18]. In this study, it is 
believed that the addition of SiO2 has suppressed the growth of macrovoids during the 
phase inversion process. 
 
 
Figure 3.2 Porosity of PVDF membranes prepared using different ratios of PVDF 
between 0 and 1.33 
Although there is still no clear evidence to explain the specific role played by the 
inorganic additives in membrane formation during the phase inversion process, it is 
apparent that the addition of inorganic particles into the casting solutions had caused the 
solution’s viscosity to increase, thereby suppressing the growth of macrovoids, and at 
the same time reducing the number of finger-like voids presence in the membrane cross-
section. Nevertheless, there observed no significant difference on the overall cross-
sectional morphology of the membranes before and after treatment using 20 wt% NaOH 
solution at 70°C for one hour (the SEM images are not shown), indicating that the 
treatment with the NaOH solution did not significantly affect the overall membrane 
morphology. 
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The bulk porosity of the prepared membranes before and after the NaOH treatment was 
estimated from the Equation 3.1, and the changes in porosity caused by the addition of 
SiO2 are presented in Figure 3.2. It can be seen that the membrane porosity increased 
gradually with the increase of SiO2/PVDF ratio in the casting solutions until it reached 
2:3. However, when the ratio reached 1:1 and further, membrane porosity was observed 
to have reduced. This result is in agreement with the membrane morphological changes 
observed by SEM analysis, as discussed above. Both untreated and treated membranes 
followed a similar trend, where both types of membranes exhibit maximum porosity at 
SiO2/PVDF ratio of 2:3 with 89.9 % and 87.9 % porosity respectively. 
Generally, membranes containing inorganic particles as an additive should eventually 
possess a greater porosity after being subjected to a heat or chemical treatment due to 
the removal of additive. This is in agreement with our observation at relatively higher 
SiO2/PVDF ratios of 1:1 and 3:2, where the membrane porosity increased after a 
treatment with the NaOH solution at 70°C. However, the reverse trend was observed on 
the porosity of the membranes prepared with a lower ratio of SiO2/PVDF. Membranes 
prepared with the SiO2/PVDF ratio of 2:3 and below, did not show any increment in the 
porosity, yet the porosity decreased despite the fact that the membranes had already 
being treated with the NaOH solution at 70°C. It should be noted that the method of 
porosity measurement employed in this study was based on a gravimetric estimation. 
Therefore, many factors can affect the data evolution including the shrinkage 
phenomenon. Shrinkage is a common phenomenon observed in the fabrication of 
polymeric membranes. In this study, the shrinkage degree of the prepared membranes 
were observed to be approximately between 5.2 and 7.0% (based on the calculation of 
two dimensions), suggesting shrinkage could be the major reason for the reductions in 
membrane porosity, as the volume of SiO2 in the bulk membrane phase is substantially 
small before the SiO2/PVDF ratio reaches 1:1.    
Table 3.2 shows the minimum bubble point pressures and the corresponding maximum 
pore sizes of the membranes containing SiO2 particles, as determined using the bubble 
point method described in section 3.2.3.2. It can be seen that the maximum pore size of 
the membranes is gradually decreased with the increase of the SiO2 particles amount in 
the casting solution until it reached the minimum pore size of 1.12 µm at the 
SiO2/PVDF ratio of 2:3. After this ratio, the reverse trend could be observed on the 
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maximum pore size, where the maximum pore size is increased with higher SiO2 
contents. It can be observed that the trend of the maximum pore size with SiO2 amount 
was opposite with that of the porosity. 
Table 3.2 The minimum bubble point pressures and the maximum pore sizes of the 
membranes. 
Membrane Minimum bubble 
point pressure (bar) 
Maximum pore 
diameter  (µm) 
A0 1.86 1.43 ± 0.09 
A1 1.93 1.39 ± 0.05 
A2 2.25 1.20 ± 0.05 
A3 2.34 1.12 ± 0.10 
A4 2.18 1.22 ± 0.07 
A5 1.65 1.60 ± 0.11 
 
 
3.3.3 Effect of SiO2 addition on the micro-structure of the prepared membranes 
In this study, the investigation of the effect of the SiO2 addition on the membrane 
micro-structure and morphology has been one of our main objectives, particularly when 
the SiO2 particles were eventually washed out from the prepared membranes. Although 
it has been stated in the previous section that the overall membrane morphology was not 
significantly affected by the treatment using the NaOH solution, it can be observed that 
the micro-structure of the membranes has changed. Figure 3.3 and Figure 3.4 show the 
SEM images of the membrane cross-sectional morphology and membrane surface 
respectively. The SEM images provided in this section include membranes prepared 
from the SiO2/PVDF ratios of 1:2, 2:3, 1:1 and 3:2, before and after treatment with 20 
wt% NaOH solution. It is worth mentioning that the membranes prepared from the 
SiO2/PVDF ratio of 1:3 and below, did not show any significant difference on the 
micro-structure. Therefore the images are not shown. 
As can be seen from Figure 3.3, both untreated and treated membranes show similar 
micro-structure, where both membranes possess a very porous structure. This 
demonstrates that the SiO2 particles might have been well dispersed in the membranes, 
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as no significant aggregations could be observed across the resulting membranes, even 
at higher SiO2 contents.  
As the ratio of SiO2/PVDF increased to 2:3, the micro-structure of the membrane 
treated with the NaOH solution became more porous, the bulk membrane structure 
remained similar to that of membrane prepared from SiO2/PVDF ratio of 1:2. When the 
SiO2/PVDF ratio rose to 1:1 and 3:2, an interconnected porous structure could be 
observed in the treated membranes. It is believed that the addition of SiO2 into the 
membrane solution might have contributed to the formation of an interconnected porous 
structure in PVDF membranes at higher SiO2 contents. 
Figure 3.4 shows the SEM images of the membranes’ top surfaces, before and after 
treatment with the NaOH solution. The dispersions of white particles could be spotted 
on the membranes prepared with the SiO2 addition, which is believed to be caused by 
the presence of SiO2 particles. With increasing SiO2 ratio in the casting solution, the 
amount of the SiO2 particles presence in the resulting membrane was also increased, as 
seen from the SEM images. However, it can be visually observed that the membranes 
after treatment with the NaOH solution exhibited a relatively smaller amount of SiO2 
dispersion on the membranes surface. 
In addition, by comparing the surface irregularities (as from the SEM images) of the 
membranes before and after the NaOH treatment, the surface of the treated membranes 
became smooth and not as irregular as that of the untreated ones. It is believed that the 
treatment with the NaOH solution has been successful in removing some of the SiO2 
particles from the membranes. 
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Figure 3.3 Overall cross section of PVDF membranes with ratio of SiO2 to PVDF: (A2) 
1:2; (A3) 2:3; (A4) 1:1; (A5) 3:2 (a: before NaOH treatment; b: after NaOH 
treatment). 
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Figure 3.4 Surface morphology of the membranes with different ratio of SiO2 to 
PVDF (A1) 1:3; (A2) 1:2; (A3) 2:3; (A4) 1:1; (A5) 3:2 (a: before NaOH 
treatment; b: after NaOH treatment) 
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3.3.4 Effect of SiO2 addition on the membrane performance 
Pure water flux measurements have been conducted on the membranes prepared with 
the addition of SiO2 particles. The results of pure water flux results are depicted in 
Figure 3.5. Pure water flux results follow almost similar trend to that of porosity. 
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Figure 3.5 Pure water flux of PVDF membranes using SiO2 particles as an additive 
From Figure 3.5, it can be seen that the addition of SiO2 dramatically increased the pure 
water flux of PVDF membranes. At the SiO2/PVDF ratio of 1:3, the pure water flux of 
PVDF membrane remarkably improved from 1.3 L/(m2·h) to 99.5 L/(m2·h) and 
continued to increase until it reached the maximum flux of 179.0 L/(m2·h) at the ratio of 
1:1, except for a slight decline at 1:2. However, the water flux declined at the 
SiO2/PVDF ratio of 3:2. A similar trend was also observed on the treated membranes, 
where pure water flux increased with the addition of SiO2 and continues to increase 
with further amount of SiO2 particles until it reached the maximum flux, then declined 
with further SiO2 addition. 
Overall, the pure water flux of the prepared membranes increases significantly after 
treated with the NaOH solution. The maximum flux of 570.0 L/(m2·h) could be 
observed at SiO2/PVDF ratio of 2:3. This demonstrates that the SiO2 particles could be 
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washed out with alkali treatment particularly with the NaOH solution, and consequently 
increases the pure water flux of the membranes. 
 
3.3.5 FTIR analysis 
During handling of the membranes treated with the NaOH solution, it was visually 
observed that the membranes exhibited poor mechanical properties. However, the 
mechanical strength measurement could not be performed on these membranes since the 
membrane samples were very brittle and can be easily broken. As mentioned in the 
section 3.2.2, the membrane’s colour was immediately changed from white to brown 
upon immersion in the NaOH solution. This observation was found to be similar to the 
ones reported by Komaki and Shinohara [29,30]. The PVDF discolouration was 
attributed to the reaction between PVDF and NaOH which had caused the 
dehydrofluorination in the polymer chains and the formation of C=C bonds [30].  
Figure 3.6 illustrates the FTIR analysis of the untreated and treated PVDF membranes 
between the wavenumbers of 1450 and 1850 cm-1. Two significant peaks appeared, 
which are a shoulder at around 1595 cm-1 and a peak at 1740 cm-1 attributed to the 
respective –C=C– stretch and –C=O– stretch in the FTIR spectrum of NaOH treated 
membrane. The presence of the characteristic band at 1595 cm-1 is assigned to the 
formation of C=C bond due to the dehydrofluorination in the polymer chains [31,32], 
whilst the presence of the latter peak at 1740 cm-1 is attributable to the –C=O– stretch 
[33], may be also caused by the dehydrofluorination of PVDF, where the reaction had 
allowed the formation of carbonyl group between the carbon compound in PVDF and 
oxygen from SiO2. 
 
Therefore, it is believed that the conditions employed in the NaOH treatment of PVDF 
membranes might have caused the reaction between PVDF and NaOH to occur. 
However, a further systematic study may be required to elucidate the effect of NaOH 
treatment on the stability of PVDF membranes. 
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(a) Untreated membrane 
(b) Treated membrane 
Figure 3.6 FTIR spectra of the untreated and treated PVDF membranes 
 
3.4 Conclusions 
Porous flat sheet PVDF membranes have been prepared from the phase inversion via 
immersion precipitation method using SiO2 particles as an additive. Some of the 
prepared membranes are subjected to the post-treatment using 20 wt% NaOH at 70°C 
for 1 hour for the purpose of removing SiO2 particles. It was observed that the 
membrane porosity remarkably increased and macrovoids formation significantly 
suppressed with the presence of SiO2 particles in the membrane. However, there exists a 
certain critical value, when the SiO2/PVDF ratio was over this value, the membrane 
porosity was reduced. Membrane morphological observations also support this 
hypothesis, for which the number of finger-like voids is dramatically reduced at the 
equivalent SiO2/PVDF ratio. With the presence of SiO2 particles, pure water flux of the 
PVDF membrane improved from 1.3 L/(m2·h) to 179.0 L/(m2·h), though a significant 
improvement on the pure water flux with the maximum flux of 570.0 L/(m2·h) was 
observed on the PVDF membranes treated with the NaOH solution. The experimental 
results demonstrated that the addition of an appropriate amount of SiO2 and treatment 
using the NaOH solution can significantly increase the pure water flux of the 
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membrane. The maximum values of porosity and pure water flux were all obtained at 
SiO2/PVDF ratio of 2:3. 
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CHAPTER 4 
PVDF Hollow Fibre Membranes Containing SiO2: The Effect of Acid 
and Alkaline Treatment 
 
Abstract 
This chapter presents the preparation of PVDF hollow fibre membranes using SiO2 
particles as an additive via a conventional immersion precipitation method. The 
asymmetric membrane formed consists of a uniform distribution of finger-like structure 
near the inner layer with sponge-like structure near the outer layer. SiO2 particles were 
removed from the spun membranes by a treatment using either sodium hydroxide 
(NaOH) solution or hydrofluoric (HF) acid. Both the NaOH solution and HF acid 
treatments have resulted in PVDF hollow fibre membranes with enhanced water 
permeability of up to 748.4 L/m2·h and 690.7 L/m2·h, respectively. HF acid was found 
to be more efficient in dissolving SiO2 and subsequently washing the particles out of the 
membrane for only 10 minutes compared to the treatment with NaOH solution which 
took almost 1 hour for complete removal. Mechanical properties of hollow fibre 
membrane treated with HF acid was found to be almost unaffected and showed a much 
better ductile behaviour compared to the original one; while the one treated with NaOH 
solution possessed poor mechanical properties.  
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4.1 Introduction 
Immersion precipitation can be said to be the most common method being employed in 
the preparation of polymeric membranes. Most of the commercially available 
membranes are prepared by phase inversion via the immersion precipitation method. By 
preparing a homogeneous polymer solution from a suitable solvent and casting on a 
suitable support, membranes can be formed by immersing the casting film into a 
coagulation bath containing a non-solvent. To date, phase inversion via immersion 
precipitation has received great attention in producing polymeric membranes from 
different types of polymeric membrane materials including poly(sulfone), poly(amide) 
and cellulose acetate due to its simple process. 
Among these membrane forming polymers, poly(vinylidene fluoride) or PVDF, has 
attracted much attention in industrial applications mainly due to its excellent thermal 
stability, outstanding chemical resistance and good mechanical properties [1-3]. 
Preparation of PVDF membranes via the immersion precipitation process have been 
extensively studied and widely employed in various membrane applications [4-6]. 
Nevertheless, the semi-crystalline properties of PVDF often result in the occurrence of 
rapid crystallisation prior to liquid-liquid demixing during the membrane formation via 
the immersion precipitation method, which can lead to poor membrane morphology, 
performance and mechanical strength. Therefore, most of the high performance PVDF 
membranes for microfiltration or ultrafiltration today are frequently achieved via a 
thermally induced phase separation (TIPS) method [7,8]. 
On the other hand, blending of inorganic materials with a polymer solution in the 
preparation of PVDF membranes has become an interesting topic among researchers. 
The examples of inorganic particles that have been incorporated into the PVDF 
membrane are titanium dioxide (TiO2) [9,10], zirconium dioxide (ZrO2) [11], alumina 
(Al2O3) [12,13],  and silica (SiO2) [14,15]. Among them, SiO2 particles were found to 
be the most convenient and widely used because of their mild reactivity and well-known 
chemical properties [14], as well as good compatibility with organic solvent used to 
prepare PVDF solution [16]. SiO2 has been reported to have increased the performance 
of the organic-inorganic anion-exchange PVDF-SiO2 membranes, as well as the 
hydrophilic properties [15]. Moreover, SiO2 particles were found to be effective in 
balancing the crystallisation and phase inversion during the preparation of PVDF 
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hollow fibre membrane via the TIPS method using a large amount of SiO2 particles as 
an additive [7]. While contributing to the improvement in the flowability of the molding 
process at high polymer concentration, the addition of SiO2 particles was also believed 
to be advantageous since they acts as a nucleus for micro-phase separation. SiO2 
particles were then extracted and washed out by using a specific solvent. This process 
subsequently contributes to the pore formation in membranes. This example provides an 
idea of which SiO2 particles can be removed after the membrane is formed through post 
treatment, instead of trapped in the bulk membrane phase, thereby creating more porous 
membranes. By employing this principle, porous PVDF hollow fibre membranes could 
be fabricated through a conventional phase inversion via immersion precipitation 
method. 
In this study, we report on the preparation of PVDF hollow fibre membrane with SiO2 
particles as an additive via a conventional immersion precipitation method.  Both NaOH 
solution and hydrofluoric (HF) acid were employed and investigated as a membrane 
post-treatment solution to remove the SiO2 particles from the membrane precursor. The 
effect of the SiO2 particle removal on membrane performance and mechanical 
properties was investigated.  
4.2 Experimental 
4.2.1 Materials 
PVDF polymer powder Kynar® 761 was purchased from Atofina Chemicals Inc., USA. 
Reagent grade 1-methyl-2-pyrrolidone (NMP) was obtained from Rathburn Chemicals 
Ltd., UK. Colloidal silica (MEK-ST-L, 30.6 wt%, particle size: 40-50 nm, specific 
gravity: 1.001) in methyl ethyl ketone (MEK) was purchased from Nissan Chemical 
Industries, Ltd., Japan. Sodium hydroxide (NaOH, BDH AnalaR) was purchased from 
VWR International Ltd., UK. Hydrofluoric acid (HF, 47-51%) was purchased from 
Sigma-Aldrich, UK. In all cases, deionised water (DI) was used as the coagulation bath 
medium.  
4.2.2 Preparation of PVDF hollow fibre membranes with the addition of SiO2  
Spinning dopes for the fabrication of PVDF hollow fibre membranes were prepared by 
the following procedures. SiO2 particles were obtained by drying the commercial silica 
through dispersion and the evaporation of MEK, followed by grinding of SiO2 particles 
using a glass mortar and pestle. The desired amount of dried SiO2 particles was then 
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dispersed into a pre-weighed NMP solvent in a Duran bottle. Continuous stirring was 
performed until no large aggregations were observed. During this stage, an ultrasonic 
bath was applied for about one hour to assist the dispersion of SiO2 particles in the 
solvent. Then, PVDF was added into the bottle and stirred for 24 hours while keeping 
the solution’s temperature at 60oC to ensure the complete dissolution of the polymer. 
Once the polymer was completely dissolved, the solution was filtered using a fine metal 
mesh to remove large particles or agglomerates. After that, the solution was allowed to 
be degassed under vacuum at room temperature prior to use. PVDF hollow fibre 
membranes were spun via a dry-jet wet spinning method from the prepared dope 
solution. Further treatment was applied for the removal of SiO2 particles from the spun 
hollow fibre membranes using either a 20 wt% of NaOH solution at 70oC or a HF acid 
at room temperature. The detailed membrane preparation, spinning and treatment 
conditions are listed in Table 4.1. 
 
Table 4.1 Preparation and treatment conditions of PVDF hollow fibre membranes. 
 
Parameters Value 
Spinning Dope: 
PVDF concentration (wt%) 
SiO2 concentration (wt%) 
NMP concentration (wt%) 
Spinning Conditions: 
Bore liquid flow rate (DI water: ml/min) 
Extrusion rate (ml/min) 
Air gap (cm) 
 
Treatment using NaOH solution: 
NaOH concentration (wt%) 
Treatment temperature (°C) 
Treatment time (min) 
 
Treatment using HF acid (wt%) 
Treatment temperature (°C) 
Treatment time (min) 
 
18 
12 
70 
 
3 
5 
15 
 
 
20 
70 
10-180 
 
47-51 
20-22 
10-180 
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4.2.3 Membrane characterisations 
4.2.3.1 Membrane morphology 
The morphology of the surface and cross-section of the PVDF membranes prepared 
were examined by Scanning Electron Microscope (SEM; JSM-5610LV, JEOL, Tokyo, 
Japan). The membranes were immersed in ethanol for 10 minutes, and then in liquid 
nitrogen for about 5-10 minutes. Following that, the membrane samples were fractured, 
and then flexed into a short sample with tweezers in order to maintain the original cross-
sectional fracture of the membranes. These membrane samples were then positioned on 
a metal holder, then sputter coated with gold under a vacuum for 3 minutes. The 
micrographs of the surface and cross section of the membranes were taken at various 
magnifications. 
4.2.3.2 ATR-FTIR analysis 
The removal efficiency of SiO2 particles from the membranes were analysed by using a 
Fourier Transform Infra-Red (FTIR) spectrometer (Perkin Elmer, Spectrum One 
equipped with an Attenuated Total Reflection (ATR) attachment). The samples were 
placed on the sample holder and all spectra were recorded in the wavenumber range of 
4000-500 cm-1 by accumulating 32 scans at a resolution of 2 cm-1. 
4.3.2.3 Pure water flux measurement 
Pure water flux experiments were conducted in a cross-flow membrane module 
filtration apparatus. For each module, ten fibres of 20 cm length were assembled into 
the filtration module and pure water flux measurement was performed in a cross flow 
mode through outside-in configuration. Each membrane sample was tested at least three 
times; the average value and the standard deviations were obtained. 
4.2.3.4 Mechanical properties measurement 
Tensile strength and elongation at break of the hollow fibres were measured by Instron 
4466 tensile test machine with a load cell of 1 kN, at a constant elongation velocity of 5 
mm/min at room temperature (20 ± 2ºC). At least five fibres with 5 mm length were 
tested and the average data was taken for each sample. The deviation between the 
sample values and the average value was less than 5%. 
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4.3 Results and discussion 
4.3.1 Membrane morphology 
The SEM images of the cross-section and outer surface of the prepared hollow fibre 
membrane are shown in Figure 4.1. It can be seen from Figure 4.1(a) that the hollow 
fibre membrane spun with the addition of SiO2 particles in the dope solution exhibits an 
asymmetric structure, composed of uniformly distributed finger-like structure near the 
inner layer and sponge-like structure near the outer layer. Based on the SEM images, the 
dimension of the hollow fibre membrane was estimated to be approximately 1.1 mm for 
the inner diameter and 1.7 mm for the outer diameter. The overall structure of the 
membranes remains unchanged after treatment either with 20 wt% NaOH solution at 
70°C or using a HF acid at room temperature. Therefore the images are not shown here. 
Figure 4.1(b) and 4.1(c) show the SEM images of the membrane outer surface, before 
and after treatment with the NaOH solution, respectively. While the outer surface of the 
untreated membrane shows a relatively higher degree of irregularities mainly because of 
the higher amount of SiO2 particles remains in the membrane, the treated membrane 
exhibits porous or moon-like impact craters structure. 
 
It could be observed from Figure 4.1(b) that the SiO2 particles are well dispersed, with 
no aggregation larger than 1 micron (estimated from the scale of the SEM image). On 
the other hand, the removal of SiO2 particles has left significant pores or cavities on the 
membrane outer surface as seen in Figure 4.1(c), consequently leading to the formation 
of uneven membrane surfaces. The outer surface of the HF acid treated membrane 
exhibited almost similar structure with that of the NaOH treated membrane, and the 
SEM image is shown in Figure 4.1 (d). 
 
 
 
123
Chapter 4 PVDF Hollow Fibre Membranes Containing SiO2: The Effect of Acid and Alkaline Treatment 
 
 
(a) 
(b) 
500 μm 
5 μm 
(c)
5 μm
(d)
5 μm
 
 
Figure 4.1  SEM images of the prepared PVDF hollow fibre membranes: (a) cross 
section, (b) outer surface before treatment, (c) outer surface after NaOH 
treatment and (d) outer surface after HF acid treatment. 
 
4.3.2 Removal of SiO2 using NaOH solution or HF acid 
SiO2 particles have been used as an additive in the preparation of PVDF hollow fibre 
membrane in this study because it is believed that the dispersion of SiO2 particles in the 
membrane solution could provide a nucleus for micro-phase separation. The growth of 
crystal could be suppressed during the phase inversion process, and consequently the 
membrane with an interconnected porous structure may be formed. After the 
membranes are formed, SiO2 particles need to be removed from the membrane in order 
to create more porous membrane structure and improve water permeability. 
For the purpose of removing SiO2 from the prepared membranes, a hot NaOH solution 
(20 wt% NaOH at 70°C) and a HF acid solution (47-51 wt% HF at room temperature) 
are chosen and compared in this study. It is worth mentioning that the colour of the 
membranes immediately changed from white into brown upon immersion into the 
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NaOH solution, but it remained unchanged in the HF acid. Changes in membrane 
weight had been measured in order to determine the SiO2 removal efficiency from the 
treatment, and the results are shown in Figure 4.2. From the compositions of spinning 
solution, the ultimate SiO2 content in the resultant membrane was expected to be 40% in 
weight and ideally, if the SiO2 particles were to be completely removed from the 
membrane, the final membrane weight of 60% should be retained. According to Figure 
4.2, membrane weight gradually reduced during 30 minutes of treatment, and eventually 
stabilised at approximately 55 wt% when the NaOH solution was used for the treatment. 
 
Figure 4.2  Weight loss measurements of PVDF hollow fibre membrane during the 
removal of SiO2 particles. 
On the contrary, when HF acid was used for the treatment, the membrane weight was 
reduced by approximately half of the original membrane weight in only 10 minutes, 
then stabilised in the range between 50% and 60% of the original membrane weight 
with a further treatment period of up to 3 hours. The result shows that the SiO2 particles 
dissolved much faster in the HF acid than that in the NaOH solution, indicating that HF 
may be a good solvent for the removal of SiO2 compared to NaOH. 
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During the post treatment using the HF acid, SiO2 was attacked by HF acid to form 
hexafluorosilicic acid and water [17]. The possible mechanism for this reaction is as 
follows: 
   SiO2 + 6 HF →  H2SiF6 +  2 H2O     (1) 
Meanwhile, SiO2 particles dissolved in hot NaOH solution during the post treatment to 
produce sodium silicate and water [18], where the schema of this reaction is shown 
below: 
   SiO2 + 2 NaOH →  Na2SiO3 +  H2O     (2) 
The SiO2 removal efficiency has been further examined by FTIR analysis. Figure 
4.3(A) and Figure 4.3(B) show the FTIR spectra of SiO2 particles, pure PVDF 
membrane, untreated and treated membranes with different treatment times using the 
NaOH solution and HF acid, respectively. It can be seen from Figure 4.3(A) that the 
intensity of the characteristic bands at 800 cm-1 and 1080 cm-1, attributable to the 
symmetric and asymmetric Si-O-Si stretching [14], in PVDF membranes being treated 
with the NaOH solution, were getting smaller after 20 minutes treatment. These 
particular bands are completely disappeared after a one hour treatment and finally the 
membrane exhibits similar spectrum to that of pure PVDF membrane. Although the 
weight measurement results showed that SiO2 particles might have been completely 
removed after 30 minutes, the FTIR spectra demonstrated that a relatively longer 
treatment time that is 1 hour using NaOH solution may be required. On the other hand, 
the characteristic bands at 800 cm-1 and 1080 cm-1 in Figure 4.3(B) disappeared only 
after 10 minutes treatment using HF acid, and finally showed a similar spectrum to that 
of the pure PVDF membrane after the 10 minutes treatment, demonstrating that SiO2 
particles could be quickly removed from the prepared membrane by HF acid. FTIR 
result is observed to be in agreement with the weight measurement results, suggesting 
that HF acid could be more effective in removing the SiO2 additive from membranes in 
comparison to the NaOH solution. 
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Figure 4.3  FTIR spectra of (a) pure PVDF membrane; PVDF membrane containing 
SiO2 particles and treated for (b) 20 mins, (c) 30 mins, (d) 45 mins, (e) 1 
hour, (f) 0 mins (untreated); and (g) SiO2 powder: (A) 20 wt% NaOH 
solution at 70 °C and (B) HF acid at room temperature 
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Table 4.2 summarises the major FTIR peaks assigned to different functional groups and 
crystalline phases. As can be seen from Table 4.2 and Figure 4.3, the spun PVDF 
hollow fibre membrane containing SiO2 particles may be composed of a mixture with α-
form and β-form crystal structures. Nevertheless, further characterisations of the 
membrane such as X-ray diffraction (XRD) analysis may be required before drawing 
any conclusion on the type of crystal formation. 
Table 4.2 FTIR peak assignments for SiO2, PVDF membrane and PVDF membrane 
containing SiO2 as additives [14,19-21]. 
Wavenumbers (cm-1) Functional groups and crystalline forms 
1427, 1070, 875, 765 α phase crystal of PVDF 
1400, 1273, 1171, 840 β phase crystal of PVDF 
1080 Asymmetric Si-O-Si stretching 
800 Symmetric Si-O-Si stretching 
 
 
4.3.3 Pure water flux measurement 
Pure water flux measurement has been conducted on the prepared hollow fibre 
membranes, and the results are tabulated in Table 4.3. It can be seen from Table 4.3 that 
the pure water flux of the untreated membrane was initially 80.3 L/m2·h at 1 bar.  
 
Table 4.3 Pure water flux measurement. 
Membranes Pure water flux (L/(m2·h)) 
Untreated membrane 80.3 ± 1.9 
NaOH treated membrane  748.4 ± 2.3 
HF acid treated membrane 690.7 ± 1.5 
 
However, the pure water flux of the hollow fibres significantly improved after treatment 
with NaOH and HF acid solutions. The pure water flux of the hollow fibre treated with 
the NaOH solution increased significantly to 748.4 L/m2·h, showing an approximately 
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9-fold increase than that of the original membrane. On the other hand, the hollow fibre 
membrane treated with the HF acid solution showed a slightly lower pure water flux of 
690.7 L/m2·h compared to that of the NaOH treated membrane. It is believed that the 
relatively higher pure water flux after the NaOH treatment, apart from the porous 
structure caused by the SiO2 removal, may also be due to the degraded structure of 
PVDF membrane as a result of the strong alkaline treatment.  The degradation of PVDF 
membranes caused by the NaOH treatment is demonstrated by weak mechanical 
properties, which will be further discussed in the next section. Nevertheless, the pure 
water flux of the HF acid treated membrane still demonstrated a remarkable 
improvement than that of the untreated ones. 
4.3.4 Mechanical strength measurement and FTIR analysis 
The mechanical strength of the PVDF hollow fibre membranes have been evaluated by 
the tensile stress and elongation at break measurements. Figure 4.4 and Figure 4.5 show 
the measurements of tensile stress at break and elongation at break respectively. Both 
figures demonstrate that the mechanical strength of PVDF hollow fibre membranes was 
dramatically reduced when subjected to the treatment with NaOH solution. As seen 
from Figure 4.4, the tensile strength of the hollow fibre treated with the NaOH solution 
decreases gradually in line with the treatment time and finally down to zero after 90 
minutes treatment. An almost similar trend could be observed on the elongation at break 
of the hollow fibre membranes, as demonstrated in Figure 4.5. By treating the 
membrane with the NaOH solution for 20 minutes, the elongation was reduced down to 
zero, indicating that the membrane had completely lost its flexibility thereafter. 
On the other hand, the tensile strength of the membrane treated with the HF acid 
solution remained almost unchanged compared to that of the untreated one, which was 
around 2.23 MPa. The elongation of the HF acid treated membranes increased from 
approximately 38% to 90% after being subjected to 120 minutes treatment time, and 
slightly dropped after that. It is believed that the increase in elongation was caused by 
the removal of SiO2 particles from the membrane. As a result, the single PVDF 
polymeric phase membrane showed a better ductile behaviour than the stiff composite 
phase membrane. 
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Figure 4.4 Tensile stress at break versus treatment time. 
 
 
Figure 4.5 Elongation at break versus treatment time. 
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An intensive search in the FTIR spectra has been performed in order to further 
investigate the changes in the mechanical strength of PVDF membrane treated with the 
NaOH solution and the HF acid. Figure 4.6 demonstrates the FTIR spectra between 
1450 and 1850 cm-1 of untreated hollow fibre membrane, and hollow fibre membranes 
treated with the NaOH solution and the HF acid for 1 hour. Similar spectra could be 
observed on the untreated hollow fibre and hollow fibre treated with HF acid. However, 
the spectrum of hollow fibre treated with the NaOH solution exhibited slightly different 
peaks. 
 
1740 
1595 
Figure 4.6 FTIR spectra between 1450 and 1850 cm-1 of (a) untreated membrane 
(b) HF acid treated membrane and (c) NaOH treated membrane. 
Two significant peaks appeared, which are a shoulder at around 1595 cm-1 and a peak at 
1740 cm-1 attributable to the respective –C=C– stretch and –C=O– stretch in the FTIR 
spectrum of NaOH treated membrane. The presence of the former characteristic band 
could be due to the dehydrofluorination of PVDF, which eventually leads to the 
formation of carbon-carbon double bond as a result of the reaction between NaOH and 
PVDF [22,23]. The presence of the latter peak at 1740 cm-1 that is assigned to the –
C=O– stretch [24] may also be caused by the dehydrofluorination of PVDF, where the 
reaction has allowed the formation of carbonyl group between the carbon compound in 
PVDF and oxygen from SiO2. The degradation of PVDF hollow fibre membrane 
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occurred after the course of the NaOH treatment, and this phenomenon elucidates the 
cause of the reduction in membrane mechanical strength.  
4.4 Conclusions 
In this study, PVDF hollow fibre membranes with the addition of SiO2 particles have 
been fabricated via a conventional immersion precipitation method. NaOH solution and 
HF acid were employed and investigated as post-treatment method in removing SiO2 
particles from PVDF hollow fibre membrane after the membrane was formed. The 
prepared PVDF hollow fibre membrane showed significant improvement in pure water 
flux after the SiO2 particles were washed out from the membrane by using either 20 
wt% NaOH solution at 70°C or HF acid at room temperature with pure water flux of 
748.4 L/m2·h and 690.7 L/m2·h, respectively. 
Experimental results showed that HF acid treatment was more effective in removing the 
SiO2 particles from PVDF membrane compared to the treatment with the NaOH 
solution. While the NaOH treatment required at least 1 hour to completely remove SiO2 
particles and the resulting membrane exhibited weak mechanical properties, only 10 
minutes treatment with HF acid was needed to wash out all the particles with improved 
ductility, yet that did not affect the membrane tensile strength. Although HF acid is 
categorised under corrosive/toxic materials, which requires extreme care or a delicate 
handling procedure with a particular personal protection equipment, the use of the HF 
acid is anticipated to be invaluable for the treatment of PVDF membrane containing 
SiO2 since it is the only acid that was able to dissolve the SiO2 particles without 
affecting the membrane properties. 
While most of the high performance PVDF hollow fibre membranes were claimed to be 
prepared through a TIPS method, a conventional phase inversion immersion 
precipitation method still remains as a convenient and promising way to produce PVDF 
hollow fibre membrane from SiO2 particles with a considerably high water 
permeability, without affecting the mechanical properties. 
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CHAPTER 5 
Stability of PVDF Hollow Fibre Membranes in Sodium Hydroxide 
(NaOH) Solution 
 
Abstract 
The stability of PVDF hollow fibre membranes in sodium hydroxide (NaOH) aqueous 
solutions were investigated in this study. PVDF hollow fibre membranes were prepared 
from each of the three commercial raw PVDF materials (Kynar 761, Solef 1015 and 
Solef 6010) from two major suppliers (Atofina Chemicals Inc., USA and Solvay, 
Belgium) for comparison purposes. The effect of NaOH concentration, treatment time 
and temperature on mechanical properties, thermal properties and crystalline structure 
of the PVDF hollow fibre membranes were investigated through mechanical strength 
measurement, surface area analysis, XRD, FTIR and DSC analyses. The obtained 
results indicate that the reaction between PVDF and NaOH was initiated even at low 
concentrations of NaOH and was aggravated with the extended treatment time, resulting 
in the decrease in mechanical strength and crystallinity of PVDF hollow fibre 
membranes. The reaction was accelerated and intensified by increasing the 
concentration of NaOH and/or treatment temperature. At 70°C, the mechanical integrity 
of the PVDF membranes was completely destroyed in 4 wt% NaOH solution within 24 
hours or in 10 wt% NaOH solution within 8 hours. The deterioration of stability in 
NaOH solutions is considered universal for all PVDF employed in this study, 
irrespective of the raw materials or the corresponding hollow fibre membranes. 
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5.1 Introduction 
PVDF is an excellent membrane material due to its outstanding thermal stability, 
mechanical strength, and also  its distinction in chemical resistance against a wide range 
of harsh chemicals such as halogens and oxidants, inorganic acids (apart from fuming 
sulphuric acid), as well as aromatic, aliphatic and chlorinated solvents [1-3]. It can be 
categorised as an outstanding membrane material especially in waste treatment 
application where harsh chemicals are commonly involved.  
However, PVDF is vulnerable to caustic environment, which has been proven 
fundamentally by a number of studies [4-8]. In actual applications, PVDF membranes 
are often exposed to caustic environments: for instance during the operations of 
chemical cleaning or soluble gas removal from waste gas streams [9]. Potential damage 
to the membranes caused by the caustics is unlikely to be avoidable. Early 
investigations reported the observation of brownish discolouration of PVDF after its 
exposure to a sodium hydroxide (NaOH) solution [4,5]. The immersion of the irradiated 
PVDF film into the NaOH solution resulted in the development of fission tracks on the 
film, where the film became brittle with deep colour with a NaOH-ethanol solution and 
forms a brown colour deposit with the KMnO4 solution [4]. Stress corrosion cracking of 
PVDF in the NaOH solution was investigated, and it was found that NaOH can 
chemically attack PVDF. The chemical attack is accelerated by increasing the 
temperature and by applying strain [10]. 
In the recent years, by employing various modern analytical techniques such as Fourier 
Transform Infra-Red (FTIR), X-Ray Diffraction (XRD) and X-ray Photoelectron 
Spectroscopy (XPS), the chemical reactions between PVDF and NaOH can be 
explained as a phenomenon of dehydrofluorination, in which the carbon-carbon double 
bond are formed as a result of the elimination of hydrogen fluoride (HF) units from the 
polymer [6,11,12]. Depending on the degree of the dehydrofluorination, the colour 
change of PVDF from white to brown and then to black can be clearly observed. 
Despite the fact that quite a number of work has been carried out on the stability of 
PVDF in caustic environments, it should be noted that most of the previous experiments 
have been carried out under very strong caustic conditions or with the assistance of 
catalysts, as the reactions might be slow under certain moderate conditions: such as at 
ambient temperature or low chemical concentration. Such experimental results provide 
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not only important, but also fundamental information on the stability of PVDF material 
in the sodium hydroxide solution. However, a systematic evaluation of the stability of 
PVDF membranes in caustic environment is still lacking.  
To date, only two publications have been found to be directly related to the evaluation 
of stability or chemical resistance of PVDF membranes against caustics: One of them is 
the long-term investigation on the effect of different types of strong oxidants, including 
NaOH solutions, on the membrane performance [13]. The employed PVDF membranes 
that have been prepared from Kynar PVDF raw materials do not show significant 
changes in terms of water flux and polyethylene glycol retention after being immersed 
in 1 wt% NaOH solution for 24 months or at 10 wt% NaOH solution for 1 month. 
Remarkable changes could only be observed after 3 months treatment with the latter. 
Another study has focussed on the investigation of chemical stability of a sulfonated 
hydrophilic PVDF ultrafiltration membrane by storing the membranes in NaOH 
solution for 12 months, with the permeate flux being monitored over a certain period of 
time [8]. The flux reduction as a consequence of aging was observed to be relatively 
lower in diluted NaOH solution compared to the ones stored in tap water. It is believed 
that the higher permeate flux may be attributed to the incipient deterioration of the 
membrane matrix as it is well known that NaOH chemically attacks PVDF. 
Nevertheless, these studies have been mainly focusing on the effect of long-term 
exposure of NaOH to PVDF membranes. To our knowledge, there have been no 
systematic studies that have reported on the short-term effect of NaOH solution on 
PVDF membranes, which is analogous to chemical cleaning processes of PVDF 
membranes. Besides, previous investigations have employed only one type of PVDF 
materials, whilst quite a number of PVDF materials have been produced by 
manufacturers. Moreover, up to now, the changes in mechanical strength of PVDF 
membranes caused by the caustic environment have not been mentioned elsewhere.  
In this chapter, we report a systematic investigation on the effect of sodium hydroxide 
solutions with different concentrations on the stability of PVDF hollow fibre 
membranes. In general, the hollow fibre configuration is preferred over the flat sheet 
owing to its high surface area per unit volume, which is one of the crucial aspects in 
industrial membrane productions. The hollow fibre modules can be easily scaled up and 
provide easy maintenance through the use of hollow fibre cartridges. In this study, 
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membranes made of three different PVDF materials namely Kynar 761, Solef 1015 and 
Solef 6010 from two suppliers, Atofina Chemicals Inc., USA and Solvay, Belgium are 
prepared and compared. Characterisations of the PVDF membranes are mainly based on 
the mechanical strength, thermal properties and crystalline structure and the effect of 
sodium hydroxide treatment on different membranes are investigated and compared. 
The treatments are conducted at both lower and higher temperature for comparison 
purposes. 
5.2 Experimental 
5.2.1 Materials 
Three commercially available poly(vinylidene fluoride) (PVDF) materials (Kynar 761, 
Solef 1015 and Solef 6010) from two different suppliers (Atofina Chemicals Inc., USA 
and Solvay, Belgium) were used as membrane materials. The details of these materials 
are listed in Table 5.1. 1-methyl-2-pyrrolidone (NMP) was purchased from Rathburn 
Chemicals Ltd, UK. NaOH was purchased from VWR International for PVDF hollow 
fibre treatment. 
5.2.2 Preparation of hollow fibre membranes and NaOH treatment 
PVDF hollow fibre membranes were prepared and spun from different types of PVDF 
materials via a dry-jet wet spinning method. In this experiment, three different types of 
commercial PVDF materials labelled as Kynar 761, Solef 1015 and Solef 6010 were 
selected and investigated for comparison. The detailed preparation and spinning 
conditions are also tabulated in Table 5.1. In this experiment, small amount of lithium 
chloride (LiCl) was used as an additive in the spinning solution to aid the spinning 
process of PVDF membranes. Tap water was used as the external coagulant, while 
deionised water was used as the bore fluid medium throughout the spinning process. 
The spinneret with an inner diameter / orifice diameter of 0.72/2.0 mm was used. The 
temperature and relative humidity of spinning environment were 20 .0 ± 2°C and 65-
70%, respectively. The fresh hollow fibres emerged from the tips of the spinneret were 
guided through two water baths at a take-up velocity (Meliamex Ltd, Excal), carefully 
adjusted to match the free-falling velocity.  
 
After spinning, the hollow fibre membranes were rinsed and stored in DI water for 3 
days prior to the treatment with NaOH solution. Following that, the chemical stability of 
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PVDF hollow fibre membranes were examined by using NaOH solutions with different 
concentrations: 1 wt%, 4 wt% and 10 wt%. The aforementioned treatment was 
conducted at both sides of the hollow fibres at room temperature (20°C) and in 
temperature controlled oven at 70°C with different durations: 1 hour, 4 hours, 8 hours 
and 24 hours. After the treatment, hollow fibre membranes were thoroughly rinsed with 
water to remove any residual NaOH in the membrane. Hollow fibres were pre-treated in 
ethanol solution for 1 hour prior to membrane characterisations. 
5.2.3 Raw materials and membrane characterisation techniques 
The morphology of the surface and cross-section of the PVDF membranes prepared 
were examined by the Scanning Electron Microscope (SEM; JSM-5610LV, JEOL, 
Tokyo, Japan). The membranes were immersed in ethanol for 10 minutes, followed by 
liquid nitrogen for about 5-10 minutes. Subsequently, the membrane samples were 
fractured, and then flexed into a short sample with tweezers in order to maintain the 
original cross-sectional fracture of the membranes. These membrane samples were 
positioned on a metal holder, then sputter coated with gold under vacuum for 3 minutes. 
The micrographs of the surface and cross section of the membranes were taken at 
various magnifications. 
Tensile strength and elongation at break of the prepared hollow fibre membranes were 
measured by Instron 4466 tensile test machine with a load cell of 1 kN, at a constant 
elongation velocity of 5 mm/min at room temperature (20ºC). At least five sample fibres 
with 50 mm length were tested and the average data was taken from each sample. The 
deviation between the sample values and the average value is less than 5%. 
Surface area & porosity analyser TriStar 3000 (Micromeritics, UK) was used for the 
measurements of specific surface area of PVDF raw materials and hollow fibre 
membranes with Brunauer, Emmet and Teller (BET) adsorption method using nitrogen. 
XRD-X'Pert PRO (PANalytical, The Netherlands) was used to determine the crystalline 
phases of PVDF hollow fibre membranes. PVDF hollow fibres were positioned on a 
sample holder loaded on the diffractometer, using CuKα radiation, with the generator 
working at 40kV and 40 mA. The scanning range covers 10° < 2θ < 70° with a scanning 
step of 0.02°. 
Chapter 5    Stability of PVDF Hollow Fibre Membranes in Sodium Hydroxide (NaOH) Solution 
 
 140
Table 5.1 Properties of PVDF raw materials and hollow fibre spinning conditions. 
Spinning dope Spinning conditions 
Material
MW 
(x103) 
Density 
(g/cm3) 
Water 
absorption 
(%) 
Form Supplier PVDF 
(wt%) 
NMP 
(wt%) 
Additive 
(wt%) 
Air 
gap 
(cm) 
Extrusion 
rate 
(mL/min) 
Bore fluid 
rate 
(mL/min) 
Kynar 
761 
440 
1.77-
1.79 
0.01-0.03 
Fine 
powder 
Atofina 
Chemicals 
Solef 
1015 
573 1.78 < 0.04 
Granular 
powder 
Solvay 
Solef 
6010 
322 1.78 < 0.04 
Granular 
powder 
Solvay 
18 81 1 15 6 4 
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The structure of PVDF raw materials and membranes as well as structural changes due 
to NaOH treatment were analysed by using a Fourier Transform Infrared (FTIR) 
spectrometer (Perkin Elmer, Spectrum One equipped with an attenuated total reflection 
(ATR) attachment). The samples were placed on the sample holder and all spectra were 
recorded in the wavenumber range of 4000-600 cm-1 by cumulating 8 scans at a 
resolution of 2 cm-1. A differential scanning calorimeter (DSC Q2000, TA instrument, 
UK) was used to obtained thermograms at a heating rate of 10°C/min for all the 
specimens, using the 0.5 mg samples. The melting point depression was also measured 
at a heating rate of 10°C/min. 
 
5.3 Results and discussion 
5.3.1 Morphology of PVDF hollow fibre membranes 
The morphology and structure of the prepared PVDF hollow fibre membranes were 
examined using SEM analysis. Since the same spinning conditions were employed for 
all the three membrane materials, similar structures were observed for all of them, hence 
only SEM images from one hollow fibre membrane were presented. Figure 5.1(a), and 
5.1(b) show the SEM images of the overall and the partial cross-section, while Figure 
5.1(c) shows the image of the outer surface of Kynar 761 hollow fibre membrane. 
 
A typical asymmetric structure of hollow fibre was observed, which comprised of long 
finger-like voids near the inner surface accompanied by relatively shorter finger-like 
voids near the outer surface, with sponge-like structure sandwiched between them. The 
formation of the aforementioned fibre structure is attributed to the mechanism of the 
membrane coagulation process. During dry/wet spinning process, the inner layer of 
hollow fibres is initially in contact with water in comparison to that of the outer layer. In 
this study, a small amount of hydrophilic additive has been added into the spinning 
solution for the purpose of facilitating the spinning process of PVDF hollow fibres. The 
addition of additive could have promoted the water diffusion near the lumen side of the 
membrane, where rapid precipitation occurred and long finger-like structure was formed 
near the inner layer. 
 
 
 
 141
Chapter 5    Stability of PVDF Hollow Fibre Membranes in Sodium Hydroxide (NaOH) Solution 
 
 142
Figure 5.1 SEM images of PVDF hollow fibre membrane: (a) overall cross-section, 
(b) partial cross-section, (c) outer surface (magnification of 1500x) (d) 
outer surface (magnification of 5000x) and (e) outer surface 
(magnification of 5000x : after treatment). 
 
(a) 
(b) 
(c) 
(e)
(d)
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Table 5.2 Surface properties of raw materials and membranes, and mechanical strength of PVDF hollow fibre membranes. 
 
BET measurement 
Membrane 
Inner 
diameter 
(ID, mm) 
Outer 
diameter 
(OD, mm) 
Tensile 
strength 
(MPa) 
Elongation at 
break (%) 
Young’s 
modulus 
(MPa) 
Surface area of raw 
material (m2/g) 
Surface area of 
hollow fibre (m2/g) 
Kynar 761  1.05 1.55 1.03 174 24.89 10.42 90.17 
Solef 1015 0.90 1.40 1.05 84 20.73 29.93 22.03 
Solef 6010 1.20 1.80 1.44 183 57.82 12.51 35.91 
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On the other hand, the outer layer of the membrane experienced a relaxation of the 
polymer solution in the air gap region thus resulting in the relatively shorter finger-like 
structure. The membrane outer surface is a bit rough but no big defects are observed. It 
is worth mentioning that the crack formation observed in the membrane cross-section 
was occurred during the fracturing membrane sample in liquid nitrogen for SEM 
analysis. For the purpose of comparison, the SEM images of the membrane outer 
surface before and after treatment are demonstrated in Figure 5.1(d) and 5.1(e) at a 
higher magnification of 5000x. Overall, it could be observed that there were no 
significant changes in the membrane outer surface after the NaOH treatment.  
5.3.2 Mechanical stability 
The mechanical properties of PVDF hollow fibre membranes prepared from different 
PVDF materials have been studied by the tensile strength and elongation at break 
measurements. Table 5.2 lists the tensile strength, elongation at break and Young’s 
modulus of PVDF hollow fibre membranes spun from Kynar 761, Solef 1015 and Solef 
6010. It can be seen from Table 5.2 that the tensile strength of hollow fibre membranes 
prepared from different PVDF materials falls in the moderate range between 1.03 and 
1.44 MPa, while the elongation at break values are between 84% and 183%. Among all, 
Solef 6010 exhibited the highest Young’s modulus of 57.82 MPa. 
 
In general, the mechanical properties depend on the polymer properties as well as the 
nature of the resultant hollow fibre membranes. Although the molecular weight of Solef 
6010 raw material is the lowest among all, its corresponding hollow fibre membrane 
showed the highest tensile strength. This could be due to the fact that the Solef 6010 
hollow fibre membrane exhibited the highest Young’s modulus which corresponds to 
the material’s stiffness, and the highest degree of crystallinity compared to that of Kynar 
761 and Solef 1015 hollow fibres, as shown in Table 5.3 (section 5.3.6). 
 
A series of experiments in regards to the stability of PVDF hollow fibre membranes 
against NaOH solutions have been conducted by immersing the membranes into NaOH 
solutions. The effects of NaOH concentration, treatment time and temperature on the 
mechanical properties of the membranes were investigated by measuring the changes of 
tensile strength and elongation at break under different treatment conditions. As broken 
fibre can be considered as the major cause of failure in membrane modules and 
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operation of membrane system, the flexibility of hollow fibre membranes plays an 
important role in determining the extent of mechanical strength. 
Therefore, discussions on the mechanical properties will be made and focused solely on 
the elongation at break of the prepared hollow fibre membranes. The elongation values 
employed herein are normalised, by dividing the elongation of the hollow fibre 
membrane after NaOH treatment with the elongation of hollow fibre membrane before 
NaOH treatment. Figure 5.2 (a-c) illustrates the changes of the nominal elongation of 
PVDF membranes with different degrees of NaOH concentrations (1 wt%, 4 wt% and 
10 wt%) and treatment conditions. 
Overall, the elongation of hollow fibre membranes prepared from different types of 
PVDF materials was observed to be instantly reduced by the treatment with NaOH 
solutions. Figure 5.2 (a) (top) demonstrates the elongation changes of Kynar 761 hollow 
fibres using different concentrations of the NaOH solution at room temperature with 
different treatment times. While the reductions of elongation resulted from 1 wt% and 4 
wt% NaOH treatments are observed to be moderate, the effect of NaOH treatment at 
higher concentration of 10 wt% demonstrated a drastic reduction in the elongation of 
the hollow fibres. 
N
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Figure 5.2 Effect of NaOH treatment on nominal elongation of PVDF hollow fibre 
membranes made from (a) Kynar 761, (b) Solef 1015 and (c) Solef 6010; 
top: room temperature (20°C) and bottom: high temperature (70°C) 
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For instance, the elongations of the membranes were reduced to 75% for 1 wt% solution 
and 70% for 4 wt% solution in 1 hour, and continued to decrease with further treatment 
time. After 24 hours of treatment of 1 wt% and 4 wt% NaOH solutions, the elongations 
of the hollow fibres were reduced to 40% and 30%, respectively. On the other hand, the 
hollow fibre membrane treated with 10 wt% NaOH exhibits sharp reduction in 
elongation to approximately 30% within 1 hour treatment, and eventually lost its 
mechanical integrity after 8 hours of treatment. 
Figure 5.2(a) (bottom) shows the elongation changes of Kynar 761 hollow fibres with 
different NaOH concentrations and time at a higher temperature of 70°C. It was 
observed that the hollow fibres could hardly withstand hot NaOH solutions, even at a 
low concentration of NaOH solution. Membrane elongation declined sharply to 20% in 
1 wt% NaOH solution in just 1 hour at 70°C, and the membrane became very fragile in 
10 wt% NaOH solution. Once the membranes were immersed into any of NaOH 
solutions for more than 8 hours at 70°C, they became very fragile to allow the 
measurement of the elongation to be performed.   
 An almost similar trend was observed on the elongation changes of hollow fibre 
membranes made of Solef 1015 at relatively lower NaOH concentrations. However, 
Solef 1015 showed a much smaller reduction in elongation in comparison with Kynar 
761 under the same treatment conditions. Figure 5.2 (b) illustrates the nominal 
elongation of hollow fibre membranes treated with NaOH solution at room temperature 
and 70°C. Referring to Figure 5.2(b) (top), the elongations of Solef 1015 hollow fibre 
membranes decreased to 80% and 65% after treatment with 1 wt% and 4 wt% NaOH 
solutions, while the elongation of membrane treated with 10 wt% NaOH solution 
reduced to 26% after 24 hours treatment at room temperature. This indicates that Solef 
1015 hollow fibre membrane showed a higher ability to retain its elongation properties 
after being treated with NaOH, compared to Kynar 761 hollow fibre membrane. When 
the NaOH solution is heated to 70°C, membrane elongation could be retained at 54% 
for 1 wt% solution and 27% for 4 wt% solution. The elongation of Solef 1015 hollow 
fibre was still measurable for treatment with high NaOH concentration of 10 wt% after 
8 hours, while the elongation of Kynar 761 hollow fibre has already dropped down to 
zero within 1 hour under the same treatment condition, which further supports the fact 
that Solef 1015 showed a better stability against NaOH solution in comparison to Kynar 
761. 
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Figure 5.2 (c) shows the nominal elongation of PVDF hollow fibre membrane made of 
Solef 6010 with a lower molecular weight compared to Solef 1015. With reference to 
Figure 5.2 (c) (top), it was observed that the trend of elongation changes of Solef 6010 
hollow fibre were almost similar to that of Solef 1015 at a lower NaOH concentration of 
1 wt% and 4 wt% solutions at room temperature. In fact, the retained elongation of 
Solef 6010 hollow fibre membrane is observed to be higher than the Solef 1015 and 
Kynar 761 at these lower concentrations of NaOH. This could be due to the higher 
degree of crystallinity exhibited by the Solef 6010 membrane compared to others, as 
illustrated in Table 5.3 (section 5.3.6). However, when the NaOH concentration is 
increased to 10 wt%, the elongation of Solef 6010 hollow fibre membrane is 
dramatically reduced within 8 hours treatment and levelled off with further treatment 
time. Compared to Solef 1015 hollow fibre, Solef 6010 hollow fibre may be less stable 
in more concentrated NaOH solution since the retained elongation after 24 hours 
treatment in 10 wt% NaOH solution was much smaller than that of Solef 1015. This 
could be due to the fact that Solef 6010 material has a lower molecular weight and 
shorter polymer chains. Solef 6010 hollow fibre became very fragile when subjected to 
the treatment of hot NaOH solution at 70°C, and it completely lost its mechanical 
integrity in both 4 wt% and 10 wt% solutions; a trend which is similar to that of Kynar 
761 hollow fibre membrane. However, the former shows a slightly better stability in hot 
NaOH solution at a lower concentration of 1 wt%. It is believed that the reduction in the 
membrane mechanical strength after the NaOH treatment could be due to the 
degradation of polymer as a result of the chemical reaction between PVDF and NaOH. 
The NaOH had chemically attacked PVDF membrane and caused the 
dehydrofluorination in the polymer chain, where this phenomenon is further discussed 
in section 5.3.5.  
5.3.3 Surface area of PVDF raw materials and hollow fibre membranes 
Chemical reaction usually takes place on the interface of the contacting objects. The 
reaction kinetics depends highly on the specific surface area of the material. The surface 
areas of both PVDF raw materials and hollow fibres were measured in order to 
investigate the relationship between the surface area and the stability of PVDF hollow 
fibre membranes. It is worth mentioning that the colour of the fabricated PVDF 
membranes changed from white into brown upon immersion into the NaOH solution, 
which generally indicates that chemical reactions happened between the membranes and 
the NaOH solution. 
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The specific surface area results of the three PVDF raw materials and their hollow fibre 
membranes obtained by the BET method are listed in Table 5.2. Among all the three 
raw materials, Solef 1015 possesses the largest surface area of 29.93 m2/g, while the 
surface area of Solef 6010 with 12.51 m2/g is slightly bigger than that of Kynar 761 
(10.42 m2/g). However, the specific surface area of the raw materials is significantly 
changed after the formation of the hollow fibre membranes from the corresponding 
materials. Although the preparation conditions of the hollow fibres were almost 
identical, significant changes on the surface area were observed. As can be seen from 
Table 5.2, the surface area of Kynar 761 hollow fibre membrane is dramatically 
increased to 90.17 m2/g, while the surface area of Solef 6010 is increased to 35.91 m2/g. 
Only Solef 1015 hollow fibre membrane showed a decrease in surface area compared to 
its raw material. 
 
The obtained results may give an explanation of why the loss of mechanical strength of 
the Kynar 761 hollow fibre membrane was much quicker than the other two. Apart from 
the surface area, the stability of PVDF membranes may also depend on other factors 
such as molecular weight, molecular structure, and crystallinity of the materials. The 
changes of Kynar 761 surface area were mainly due to the processing of raw material to 
the form of hollow fibre membrane during spinning and phase inversion process. It is of 
interest to further study the changes in the surface area of different raw materials caused 
by membrane fabrication; for instance, by determining the extent of homogeneity of 
membrane solution containing different PVDF materials.  
5.3.4 XRD analysis 
XRD analysis has been performed to examine the crystal structures and structural 
changes of PVDF after hollow fibre membranes formation and the effects of NaOH 
treatment on the membranes. Figure 5.3 (a) shows the XRD diffractogram of PVDF raw 
materials Kynar 761, Solef 1015 and Solef 6010. The spectra of all three materials are 
similar, with several strong diffraction peaks at 2θ = 17.9°, 18.4°, 19.9° and 26.5°. Each 
peak represents the reflection of a crystal structure with the majority of the peaks from 
α-phase [14,15], suggesting that all the three PVDF raw materials exhibit α-phase 
crystals structure. The only difference between Kynar and Solef materials is that those 
major peaks of both Solef materials are relatively narrower than that of Kynar 761, 
indicating that the crystal size of both Solef materials may be bigger, more orientated or 
highly crystalline. 
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Figures 5.3(b), 5.3(c) and 5.3(d) illustrate the XRD diffractograms of the PVDF hollow 
fibre membranes made of Kynar 761, Solef 1015 and Solef 6010 respectively. It can be 
seen from the spectra that the previously observed diffraction peaks from the raw 
materials have all disappeared and have been replaced by a new strong diffraction peak 
at 2θ = 20.95°. 
 
(a) (b) 
Solef 1015 (i) 
Solef 6010 (ii) 
Kynar 761 
In
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(d) (c) 
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(iii) (iii) 
2θ  
 
Figure 5.3 XRD diffractograms of PVDF (a) raw materials, and hollow fibre 
membranes prepared from : (b) Kynar 761, (c) Solef 1015 and (d) Solef 
6010; (i) untreated membrane (ii) 10 wt% NaOH treated membrane at 
20°C and (iii) 10 wt% NaOH treated membrane at 70°C. 
On the basis of crystallographic data in the literature [15,16], the peak at 20.95° is 
attributed to the β-phase. Hence this may suggest that most of the crystal phase in 
PVDF raw materials has been changed to β-phase during hollow fibre spinning, 
whereby the β-phase crystal structure becomes dominant with some transitions or 
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mixtures of α and β phases. Similar β-phase formation in the preparation of PVDF 
membranes via phase inversion method could be observed using XRD and FTIR in 
other studies [17,18]. 
On the other hand, no significant changes were detected by the XRD analysis on the 
crystal structure of PVDF hollow fibre membranes after NaOH treatment. Therefore, in 
this section only the spectra from the membranes treated under extreme conditions, for 
example, in a 10% NaOH solution for 24 hours, which are also presented in Figure 5.3 
(b-d). It can be seen that the spectra of both treated and untreated hollow fibre 
membranes were almost identical, although the treated hollow fibre membrane had 
totally lost their mechanical integrity. This indicates that XRD may not be sensitive to 
the changes in the crystalline structure caused by NaOH treatments, and it is also less 
effective in identifying the stability of PVDF hollow fibre membranes in such 
environment. 
5.3.5 FTIR spectroscopy 
Based on the XRD analysis as discussed above, the α-phase of the crystal structure of 
PVDF raw materials has been transformed into β-phase during hollow fibre formation. 
In this study, FTIR analysis has been performed for the determination of the crystal 
structure of both PVDF raw materials and hollow fibre membranes, as well as to 
investigate the effect of NaOH treatment on the PVDF hollow fibre membranes in terms 
of structural changes in chemical groups. From FTIR spectra, a number of major 
characteristic bands were observed in the range of 650 and 1850 cm-1, which these 
peaks were believed to be attributable to different crystalline structures and phases. It is 
worth mentioning that several other typical characteristic bands that fall within the 
range 400 and 600 cm-1 were not detected due to the limitations of the equipment used 
in this experiment. 
FTIR spectra of PVDF raw materials and hollow fibre membranes are illustrated in 
Figure 5.4(a-b). As can be seen from Figure 5.4(a), characteristic bands appeared at 765, 
796, 859, 874, 976, 1070, 1148, 1180, 1206, 1383 and 1423 cm-1, which were similar to 
the bands observed for PVDF film containing mainly α-phase, while several other peaks 
were observed at 840, 1275 and 1404 cm-1 could be attributed to β-phase [15,19,20]. 
Small differences were observed between Kynar 761 and Solef PVDF materials, where 
the intensity of the characteristic bands at 840 and 1404 cm-1 of Kynar 761 spectrum 
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were observed to be relatively stronger than that of both Solef materials. On the other 
hand, Solef materials exhibited stronger characteristic bands at 1148, 1206 and 1383 
cm-1 attributable to α-phase. Several other weak bands are observed at 677, 1330 and 
1453 cm-1, which could be due to the polymer chain defects caused by the head-to-head 
and tail-to-tail linkages [1,11,20]. 
However, the characteristic bands at 796, 976, 859, 1206 and 1383 cm-1 assigned to the 
α-phase (as stated above) of PVDF raw materials disappeared after the hollow fibre 
membranes formation, as illustrated in Figure 5.4(b). The characteristic band at 765 cm-
1, attributable to α-phase also became very weak. According to the literatures 
[15,19,20], the appearance of several stronger or new peaks specifically at 840, 1074, 
1172, 1275 and 1432 cm-1 are attributable to β-phase. This indicates that a significant 
transition has occurred in PVDF materials from α-phase to the majority of β-phase with 
a mixture of α and β phase formations. Furthermore, no significant difference could be 
observed on the three PVDF hollow fibre membranes from the FTIR spectra. The 
results from FTIR analysis are further confirmed with the observations from XRD 
diffractograms as described in the previous section. 
The changes in the functional groups in PVDF membranes caused by the NaOH 
treatment are studied by FTIR. Figure 5.5(a) and Figure 5.5(b) show the IR spectra of 
NaOH treated membranes at room temperature (20°C) and at higher temperature 
(70°C), respectively. From these figures, both membranes treated at 1 hour and 24 hours 
exhibited similar IR spectra, though the differences between these membranes could be 
spotted from a relatively narrower scanning range between 1850 and 1450 cm-1. From 
Figure 5.5(a), a shoulder at around 1595 cm-1 in the spectrum of Kynar 761 membrane 
was observed, after being treated with the NaOH solution for 24 hours. The reaction 
between NaOH and PVDF Kynar 761 might have occurred during treatment resulting in 
the formation of carbon-carbon double bond (-CF=CH-), caused by the 
dehydrofluorination on the surface [6,7]. The shoulder around this peak is not very clear 
for Solef 1015 and Solef 6010 membranes. However, the shoulder at 1595 cm-1 became 
stronger and further developed into a peak in the IR spectra of the 10 wt% NaOH 
treated membranes at a higher temperature of 70 °C as shown in Figure 5.5(b), 
suggesting that more carbon-carbon double bonds have been formed due to the 
dehydrofluorination caused by the NaOH treatment.  
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Figure 5.4 Infrared spectra of PVDF (a) raw materials, and (b) hollow fibre 
membranes between wavenumbers of 650 and 1850 cm-1. 
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stronger and further developed into a peak in the IR spectra of the 10 wt% NaOH 
treated membranes at a higher temperature of 70°C as shown in Figure 5.5(b), 
suggesting that more carbon-carbon double bonds have been formed after the NaOH 
treatment.  
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Figure 5.5 Infrared spectra of PVDF hollow fibre membranes treated with different 
concentrations of NaOH solutions at (a) 20°C and (b) 70 °C; dashed line 
for 1 hour and solid line for 24 hours. 
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5.3.6 Thermal analysis using DSC 
5.3.6.1 PVDF raw materials and hollow fibre membranes 
Further investigation on the stability of PVDF in NaOH has been carried out by 
measuring the melting temperature and melting enthalpy using DSC. Figure 5.6 
illustrates the thermograms of both PVDF raw materials and hollow fibre membranes. 
Based on the DSC thermograms, the values of the melting temperature (Tm) and the 
melting enthalpy (∆Hf) were obtained and are tabulated in Table 5.3. It can be seen from 
Table 5.3 that the hollow fibre membranes show a slightly higher melting temperature 
and significantly higher melting enthalpy compared to that of the raw materials.  
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Figure 5.6 DSC curves of PVDF materials and untreated hollow fibre membranes. 
 
Table 5.3 Melting temperature, melting enthalpy and degree of crystallinity of PVDF 
raw materials and untreated hollow fibre membranes. 
Kynar 761 Solef 1015 Solef 6010 
Parameters 
Powder Hollow fibre Powder 
Hollow 
fibre Powder 
Hollow 
fibre 
Melting 
temperature, 
Tm (°C) 
165.2 166.1 170.8 170.9 171.9 172.8 
Melting 
enthalpy, ∆Hf  
(J/g) 
41.8 64.2 47.4 64.1 51.2 67.2 
Degree of 
crystallinity, 
∆XC (%) 
40.0 61.4 45.4 59.2 49.0 64.3 
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This indicates that more crystals have been formed during the spinning of hollow fibres, 
where the major crystal structure has been verified by the XRD and FTIR analysis as 
the β-phase. A comparison between the raw materials showed that the melting 
temperature and melting enthalpy of Kynar 761 were relatively lower than those of 
Solef materials, possibly because of the differences in crystal size, crystalline 
organisation, or population of the α and β crystals. This is consistent with the XRD 
analysis results discussed in the previous section. 
 
Significant difference also could be observed on the melting temperatures among the 
three hollow fibre membranes, for which Kynar 761 remained the lowest. However, the 
melting enthalpies among all membranes were observed to be more or less the same. 
The degree of crystallinity, ∆XC was measured as the ratio between ∆Hf and ∆H100, 
where ∆H100 is the melting enthalpy of totally crystalline PVDF material (∆H100 = 
104.50 J/g for α-phase and ∆H100 = 103.40 J/g for β-phase [21,22]) by using the 
Equation 5.1: 
Equation 5.1    100
100
×Δ
Δ=ΔΧ
H
H f
C %    
The obtained degree of crystallinity of PVDF raw materials and hollow fibre 
membranes are also tabulated in Table 5.3. It can be seen that the degree of crystallinity 
significantly increased after the hollow fibre membrane formation. Solef 6010 shows 
the highest degree of crystallinity among all, which could be due to its small molecular 
weight and the ease of crystallisation. 
5.3.6.2 Effect of NaOH treatment on PVDF hollow fibre membranes 
The effect of NaOH treatment on the thermal properties of PVDF hollow fibre 
membranes has been further investigated using DSC. Figure 5.7 and Figure 5.8 
demonstrate the changes of melting peak of PVDF hollow fibre membranes immersed 
in different concentrations of NaOH solution at 20oC and at 70°C, respectively. Based 
on the calculations, the melting temperatures, melting enthalpies and the degree of 
crystallinity are listed in Table 5.4, 5.5 and 5.6, respectively. 
From Figure 5.7, it can be observed that the melting peaks of the hollow fibres do not 
significantly change except that they shifted towards a relatively lower temperature with 
the increase of NaOH concentration or treatment time. A shoulder could be spotted on 
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the DSC curve of the treated Solef 1015 membrane, which can be interpreted as the 
melting of two crystalline phases that coexists [22]. 
On the other hand, remarkable changes in the melting peaks were observed from the 
PVDF hollow fibre membranes when the treatment temperature was increased to 70°C. 
Figure 5.8 demonstrates that the melting peaks had rapidly shifted to the lower 
temperature and the area of the peak was significantly reduced with the increase of 
NaOH concentration or treatment time. The melting peaks of PVDF membranes became 
smaller in 4 wt% NaOH solution and almost disappeared in 10 wt% after 24 hours 
treatment. Such changes in the melting enthalpy demonstrated the reduction in the 
crystallinity of hollow fibre membranes and suggest that the crystals of the hollow fibre 
membranes can be easily destroyed by the hot NaOH solution. 
Similar changes of the melting temperatures and melting enthalpies could be observed 
on all the three types of membranes that were treated with hot NaOH solution. 
Nevertheless, it is noted that Solef 1015 membranes retained a higher melting enthalpy 
in comparison with that of Kynar 761 and Solef 6010 under the strongest treatment 
condition of 10 wt% NaOH solution at 70°C for 24 hours. While the melting enthalpy 
of the Solef 1015 treated membrane was 28.4 J/g, the Kynar 761 and Solef 6010 treated 
membranes exhibited melting enthalpies of 20.6 J/g and 18.0 J/g, respectively (refer to 
Table 5.5). 
Comparing these melting peaks with the ones before treatment (refer to Table 5.3), 
Solef 1015 showed the smallest reduction from the original one (64.1 J/g) among all the 
three types of membranes. This might help to explain why the Solef 1015 is more stable 
than Kynar 761 or Solef 6010 especially at higher temperature or in a concentrated 
NaOH solution, and this finding is consistent with the results of mechanical stability as 
discussed in the section 5.3.2. 
Based on the DSC results, it can be concluded that the PVDF hollow fibre membranes 
had been attacked by the NaOH solution under all tested conditions, which led to a 
decrease in the melting temperature, melting enthalpy and crystallinity. Furthermore, 
the decrease was accelerated at a high temperature or in a concentrated NaOH solution. 
The degree of crystallinity of the PVDF hollow fibre membranes was reduced over the 
course of the NaOH treatment. 
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Figure 5.7 DSC curves of NaOH untreated and treated PVDF hollow fibre 
membranes at 20°C with different treatment times: (a) 1 hour and (b) 24 
hours. 
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Figure 5.8 DSC curves of NaOH untreated and treated PVDF hollow fibre 
membranes at 70°C with different treatment times: (a) 1 hour and (b) 24 
hours. 
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Table 5.4 The effect of NaOH treatment on melting temperature of PVDF hollow 
fibre membranes. 
Kynar 761 Solef 1015 Solef 6010 Melting 
Temperature (°C) 1 hr 24 hrs 1 hr 24 hrs 1 hr 24 hrs 
Room Temperature: 
1 wt% NaOH 
 
-- 
 
163.9 
 
-- 
 
168.9 
 
-- 
 
169.9 
4 wt% NaOH 165.5 163.1 169.6 168.5 170.9 169.6 
10 wt % NaOH 163.7 161.6 169.5 163.3 170.4 168.0 
70 °C: 
1 wt % NaOH 
 
-- 
 
158.8 
 
170.9 
 
161.1 
 
172.8 
 
166.8 
4 wt % NaOH 161.1 153.5 166.4 160.5 165.7 158.8 
10 wt % NaOH 158.8 147.9 162.3 161.2 162.5 156.5 
 
 
Table 5.5 The effect of NaOH treatments on melting enthalpies of PVDF hollow 
fibre membranes. 
Kynar 761 Solef 1015 Solef 6010 Melting Enthalpy 
(J/g) 1 hr 24 hrs 1 hr 24 hrs 1 hr 24 hrs 
Room Temperature: 
1 wt % NaOH 
 
-- 
 
60.4 
 
-- 
 
61.5 
 
-- 
 
64.8 
4 wt % NaOH 63.1 58.9 62.8 56.6 65.8 62.3 
10 wt % NaOH 58.5 52.1 61.0 56.4 63.8 54.2 
70 °C: 
1 wt % NaOH 
 
-- 
 
47.0 
 
-- 
 
43.3 
 
-- 
 
50.1 
4 wt % NaOH 49.1 26.6 50.15 36.6 47.0 21.6 
10 wt % NaOH 37.1 20.6 40.9 28.4 35.7 18.0 
 
 
Table 5.6 Effect of NaOH treatments on crystallinity of PVDF hollow fibre 
membranes. 
Kynar 761 Solef 1015 Solef 6010 Crystallinity (%) 1 hr 24 hrs 1 hr 24 hrs 1 hr 24 hrs 
Room Temperature: 
1 wt % NaOH 
 
--  
 
58.4  
 
--  
 
59.4  
 
--  
 
62.6  
4 wt % NaOH 61.0  56.9  60.8  54.7  63.6  60.2  
10 wt % NaOH 56.6  50.4  59.0  54.5  61.7  52.4  
70 °C: 
1 wt % NaOH 
 
-- 
 
45.5  
 
-- 
 
41.9  
 
-- 
 
48.4  
4 wt % NaOH 47.5  25.7  48.4  35.4  45.5  20.9  
10 wt % NaOH 35.9  19.9  39.5  27.5  34.5  17.4  
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5.4 Conclusions 
The stability of PVDF hollow fibre membranes against NaOH solution has been 
systematically studied. The effect of NaOH concentration, treatment time and 
temperature on the membrane properties, such as mechanical properties, thermal 
properties and crystalline structure of three different commercialised PVDF materials 
namely Kynar 761, Solef 1015 and Solef 6010 were investigated and compared using 
various analytical techniques. The obtained results show that PVDF hollow fibre 
membranes were instantly attacked by the NaOH solutions resulting in the decrease of 
elongation and crystallinity. The decrease was found to be accelerated either by 
increasing the NaOH concentration or elevating the treatment temperature. All three 
different types of membranes generally follow similar trends, though the detailed 
conclusions could be made as follows: 
 
• The mechanical strength of the membranes were further reduced, with an 
increase in concentration and/or temperature of NaOH solutions. PVDF 
membranes totally lost their mechanical integrity in very short time under  
harsh treatment conditions. Membranes made from Kynar 761 showed an 
inferior stability in NaOH solution than those prepared from Solef, mainly due 
to the extremely high specific surface area formed after the Kynar raw material 
was processed into the hollow fibre membranes.  
 
• According to XRD and FTIR analysis, PVDF raw materials contain mainly α-
phase crystals, while the PVDF hollow fibre membranes contain mainly β-
phase crystals. It is believed that most of the α-phase crystals have been 
transformed into the β-phase crystals during hollow fibre spinning.  
 
• From DSC analysis, the melting temperature and melting enthalpy of the 
PVDF hollow fibre membranes were reduced after NaOH treatment, because 
of a direct decrease in the crystallinity. The trend of crystallinity changes is 
consistent with that of the mechanical strength changes, though the changes in 
mechanical strength may not be only from the crystalline phase but also the 
amorphous phase or others. 
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Thus, it is recommended that the cleaning condition of PVDF hollow fibre membranes 
under caustic environment should be less than 1 wt% of NaOH at room temperature, 
though a further systematic study below 1 wt% may be useful in determining the 
optimum cleaning condition without affecting the membrane stability.   
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CHAPTER 6 
A Simplified Method for Preparation of Hydrophilic PVDF 
Membranes from an Amphiphilic Graft Copolymer 
 
Abstract 
An attempt to reduce the number of steps and hence the overall costs involved in the 
preparation of hydrophilic flat sheet poly(vinylidene fluoride) (PVDF) membranes was 
made by adding PVDF polymer powders directly to an amphiphilic copolymer mixture 
containing PVDF grafted with poly(ethylene glycol) methyl ether methacrylate 
(PEGMA) (PVDF-g-PEGMA), solvent and unreacted PEGMA from the atom transfer 
radical polymerisation (ATRP) method. The membrane was characterised by Attenuated 
Total Reflection Fourier Transform Infrared (ATR-FTIR) spectroscopy, Atomic Force 
Microscopy (AFM), Scanning Electron Microscopy (SEM) and Field Emission 
Scanning Electron Microscopy (FESEM), pure water flux, contact angle measurement 
and protein filtration experiments. The presence of ester and ether groups attributable to 
the PEGMA in the resultant membrane was observed from ATR-FTIR spectra. From 
SEM and FESEM observations, an asymmetric membrane was formed with a thin skin 
layer accompanied by short finger-like and macrovoid structures, but the membrane 
morphology changed when the copolymer content was increased. AFM reveals that the 
roughness of the membranes becomes greater with higher amount of PVDF-g-PEGMA. 
The pure water permeation flux of the prepared membrane increased significantly to 
116.2 ± 1.8 L/(m2·h) compared to pure PVDF membranes, while contact angle 
measurements show a moderate value of between 57 ± 0.9º and 67º ± 0.5. The 
percentage of fouling recovered using water cleaning after protein filtration was found 
to be 100% for all membranes prepared from this method. The results suggested that 
hydrophilic and low-fouling PVDF membranes were formed from the newly developed 
method. Since membrane hydrophilicity has a pronounced effect on the fouling 
properties, hydrophilic PVDF membranes developed from this process are anticipated to 
be suitable not only for bio-separation, but also for wastewater treatment. 
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6.1 Introduction 
Surface modification of membranes prepared from hydrophobic polymers such as 
poly(vinylidene fluoride) (PVDF), polysulfone (PS) and polypropylene (PP) is often 
desirable so as to increase membrane hydrophilicity and fouling-resistance properties, 
while retaining the bulk membrane properties. Membranes made from these 
hydrophobic materials are often susceptible to fouling when applied in water filtration. 
Membrane fouling is an undesirable phenomenon because it causes a sharp decline in 
permeation flux, which leads to a decrease in the efficiency of the membrane process. 
Nevertheless, PVDF membranes remain popular in many applications due to their 
excellent chemical resistance and good thermal and mechanical properties [1-5]. Since 
an ideal membrane for industrial water or wastewater treatment should combine the 
excellent bulk properties of the hydrophobic material with the surface chemistry of the 
hydrophilic materials, surface modification of PVDF membranes has attracted much 
interest among researchers [6-10]. 
Considerable effort is being devoted to developing suitable techniques for surface 
modification of PVDF membranes, which in general, can be classified into coating [11], 
surface graft polymerisation [8,12-14], adsorption [15], and hydrophilic chemical 
modification of bulk membrane materials [16]. Another method that has been recently 
reported to have improved the hydrophilicity of PVDF membranes is the blending of 
amphiphilic graft copolymers with the casting solution during membrane preparation 
[10,17,18]. This type of copolymer has good compatibility with the PVDF matrix and 
provides engineered surface properties such as fouling resistance, when blended with 
the polymer solution. The hydrophilic side chains of amphiphilic copolymer self-
segregate towards the membrane surface upon immersion of the polymer casting 
solution into the coagulation bath, while the hydrophobic backbone provides 
compatibility with the matrix material and water insolubility during the phase inversion 
process. 
PVDF polymer itself could also be a good candidate for the hydrophobic component in 
producing amphiphilic copolymers with hydrophilic side chains. One of the methods 
recently used for synthesising amphiphilic copolymers with PVDF as a hydrophobic 
backbone is the atom transfer radical polymerisation (ATRP) method [19]. Examples of 
copolymers prepared using this method include graft copolymers of PVDF with 
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poly(methyl methacrylate) (PVDF-g-PMMA) and poly(ethylene glycol) methyl ether 
methacrylate (PVDF-g-PEGMA), which have successfully been employed in improving 
the hydrophilicity and anti-fouling properties of PVDF membranes [20].  
In general, the synthesis of copolymers using ATRP method involves three major steps, 
i.e. polymerisation, precipitation and purification. After drying under vacuum, the 
copolymers will then be added into a polymer casting solution as a polymer blend. The 
overall process, starting from the synthesis of the graft copolymer up to the preparation 
of the membrane casting solution is schematically illustrated in Figure 6.1(a). Previous 
publications have detailed the synthesis of amphiphilic copolymer PVDF-g-PEGMA in 
a solvent, 1-methyl-2-pyrrolidinone (NMP) [20,21]. The copolymer was then 
precipitated and purified with a methanol/petroleum ether mixture so as to get rid of the 
catalyst, copper (I) chloride (CuCl), ligand 4,4′-dimethyl-2,2′-dipyridyl (DMDP), and 
excess PEGMA. Subsequently, the copolymer was dried under vacuum in order to 
remove the solvent (NMP) and was then added to the membrane casting solutions 
containing PVDF, and dimethylacetamide (DMAc) as a solvent.  
In principle, these steps are performed in order to isolate the synthesised copolymer and 
to remove the catalyst, ligand and unreacted monomers from the copolymer.  However, 
we found that the copolymer solution (including the reaction mixture) could be added 
directly to the membrane casting solution. This is because, although DMAc was found 
to be the preferable solvent for PVDF, NMP is still capable of dissolving the PVDF 
[22], thus, direct addition of copolymer and reaction mixture into a PVDF casting 
solution is feasible. In addition, the amounts of CuCl and DMDP present in bulk 
polymerisation solution are relatively small, i.e. 0.04 wt% and 0.23 wt% respectively. 
When the copolymer solution is added to the membrane casting solution according to 
the desired composition, the percentages of CuCl and DMDP in the final casting 
solution are expected to be much smaller. Therefore, it is assumed that this would have 
a negligible effect on the ultimate membrane morphology and overall performance. 
Additionally, it should also be noted that during polymerisation, some of the CuCl have 
been converted to copper (II) chloride (CuCl2) and since CuCl2 is a water-soluble salt, 
CuCl2 is expected to be easily washed out upon immersion of polymer solution into the 
water bath. Finally, the excess or unreacted PEGMA can act as a pore forming agent in 
the membrane. Since PEGMA is hydrophilic in nature [6,23], the unreacted PEGMA 
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present after polymerisation is expected to be washed out during the phase inversion 
process. 
In this study, we propose a simplified and economical method for the preparation of 
surface modified PVDF membranes with amphiphilic graft copolymer PVDF-g-
PEGMA. Hydrophilic PVDF membranes from graft copolymer PVDF-g-PEGMA could 
be prepared directly by adding copolymer solution from polymerisation into the 
membrane casting solution based on the specific amount required for membrane 
fabrication as shown in Figure 6.1(b).  
 
The proposed method appears to be easier and more economical, as the time required 
for precipitation, purification and drying of copolymer could be reduced. Since quite a 
large amount of chemicals are required in the precipitation and purification of 
copolymer during the conventional method, the newly simplified method is expected to 
provide significant cost reduction. 
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Figure 6.1 Simplified diagram for the preparation of membrane from copolymer; (a) 
Conventional method, (b) Simplified method 
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6.2 Experimental 
6.2.1 Materials 
Commercially available poly(vinylidene fluoride) (PVDF, Kynar® 761) powder was 
obtained from Atofina Chemicals Inc, USA. Poly(ethylene glycol) methyl ether 
methacrylate, (PEGMA, Mn=475 g/mol), copper (I) chloride (CuCl), 4,4’-dimethyl-
2,2’-dipyridyl (DMDP), silicone oil, bovine serum albumin (BSA, Fraction V) and 
phosphate-buffered saline (PBS) were purchased from Sigma Aldrich, UK. 1-methyl-2-
pyrrolidinone (NMP) was purchased from Rathburn Chemicals Ltd., UK. All solvents 
and chemicals were reagent grade, and all reagents were used as received. The PBS 
solution (pH = 7.4) was prepared by the addition of pre-packaged buffered salts to 
deionised water.  
6.2.2 Synthesis of graft copolymer PVDF-g-PEGMA and preparation of 
hydrophilic PVDF membranes 
PVDF (5 g) was dissolved in NMP (40 ml) in a conical flask at 50oC. The solution was 
cooled to room temperature, after which PEGMA (50 ml), CuCl (0.04 g), and initiator 
DMDP (0.23 g) were added and the flask was sealed with a rubber septum. Nitrogen gas 
was bubbled through the reaction mixture for 30 min while stirring. The reaction vessel 
was then placed in a silicon oil bath preheated to 90oC, and the reaction was allowed to 
proceed for 19 hours (see Appendix C for polymerisation equipment). After cooling the 
copolymer mixture at room temperature, the copolymer mixture was transferred to a 
bottle. NMP and PVDF were added directly to the bottle containing the copolymer 
mixture to form PVDF casting solutions according to the desired compositions. The 
copolymer concentrations were estimated based on an actual weight of copolymer that 
could be precipitated from an amount of polymerisation mixture. The PVDF polymer, 
solvent and copolymer mixtures were mixed for 24 hours at 60oC to ensure complete 
dissolution of polymers. 
The polymer dopes with copolymer mixture were then cast on a glass plate and the flat 
sheet membranes were immediately immersed in a coagulation bath containing 
deionised water. Pure flat sheet PVDF membrane was also prepared to compare the 
performance in terms of contact angle and pure water flux, with the membranes 
prepared using the simplified method. The membranes were immersed in deionised 
water for 3 days prior to characterisation. The membrane casting conditions and 
compositions of the casting solutions are shown in Tables 6.1 and 6.2, respectively. 
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Table 6.1 Membrane casting condition. 
Condition Value 
Casting knife gap distance 150 µm gap 
Casting temperature 20°C 
Coagulation bath temperature 20°C 
Casting speed 3.9 cms-1 
Evaporation time 10 s 
 
 
Table 6.2 Compositions of casting solutions. 
Membrane PVDF/copolymer*/NMP, CuCl, DMDP and unreacted PEGMA (wt%) Viscosity (cP) 
Pure PVDF 20/ 0 / 80 4500 
A1 20 / 1 / 79 6440 
A2 20 / 2 / 78 21100 
A3 20 / 3 / 77 38900 
* Based on estimation data obtained through actual experiments 
6.2.3 Membrane characterisation 
6.2.3.1 ATR-FTIR and AFM analysis 
The differences in the structure of pure PVDF membrane and membranes fabricated 
using the simplified method were analysed by using a Fourier transform infra-red 
(FTIR) spectrometer (Perkin Elmer, Spectrum One equipped with an attenuated total 
reflection (ATR) attachment). The samples were placed on the sample holder and all 
spectra were recorded in the wavenumber range of 4000-500 cm-1 by cumulating 32 
scans at a resolution of 2 cm-1. Surface roughness of the prepared membranes was 
examined by Atomic Force Microscopy (AFM; DI Nanoscope Multimode, Santa 
Barbara, USA). Tapping mode was employed in this study with a standard silicon 
cantilever. 
6.2.3.2 Liquid sessile drop contact angle analysis 
Sessile drop static and dynamic contact angle measurements on the flat sheet 
membranes were conducted using the Drop Shape Analyser (DSA 10 MK2, Krüss 
GmbH, Hamburg, Germany). The sessile drop study was carried out using deionised 
 169
Chapter 6   A Simplified Method for Preparation of Hydrophilic PVDF Membranes from an 
Amphiphilic Graft Copolymer 
 
water on dry samples. Water contact angles were measured by putting sessile water 
droplets of 2 µL on the polymer surfaces. At least five independent determinations at 
different sites of one sample were averaged and standard deviations obtained. 
 
6.2.3.3 Membrane morphology 
The morphology of the surface and cross-section of the PVDF membranes prepared 
were examined with Scanning Electron Microscope (SEM; JSM-5610LV, JEOL, 
Tokyo, Japan) and Field Emission Scanning Electron Microscope (FESEM Leo Gemini 
1525). The membranes were immersed in liquid nitrogen for about 5-10 min, fractured 
and flexed into a short sample with tweezers in order to maintain the original cross-
sectional fracture of the membranes. These membrane samples were then positioned on 
a metal holder, then sputter coated with gold (for SEM) and chromium (for FESEM) 
under vacuum for 3 minutes and 1 minute, respectively. The micrographs of the surface 
and cross section of the membranes were taken at various magnifications. 
6.2.3.4 Pure water permeation 
Pure water permeation measurements for membranes were conducted in a stainless 
steel, SEPA-ST (Osmonics, USA) dead-end nanofiltration cell. Membrane discs with an 
effective membrane area of 0.0015 m2 (diameter = 0.044 m) were cut and placed on a 
sintered metal plate. An O-ring was used to seal the feed solution from the permeate 
side. Nitrogen gas was used as the driving force for water filtration using deionised 
water at different operating pressures. Pure water permeation flux of the membrane was 
calculated by the Equation 6.1. 
Equation 6.1    
tA
VJ w Δ=      
where V is the volume of water or solution permeated through membrane (L), A is the 
membrane effective surface area (m2) and Δt is the permeation time (h). Each membrane 
sample was tested at least three times and the measured fluxes varied by no more than 
5%. 
 
6.2.3.5 BSA filtration studies  
BSA was used as a model protein to evaluate the protein contamination of the prepared 
membrane. Filtration experiments were carried out at 20ºC similar to the filtration 
protocol carried out previously by Liu et al. [8]. The membrane was first pre-compacted 
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at a transmembrane pressure of 5 bar for 30 min and the pure water flux was recorded 
every 5 min at transmembrane pressure of 1 bar. Then the deionised water was replaced 
with 0.1 wt% BSA in PBS solution for the fouling resistance test. After the protein 
ultrafiltration experiment (total filtration time of 1 hour), the membrane was dismounted 
from the cell and cleaned with deionised water in an ultrasonic bath for 5 min, three 
times, and then the water flux was measured again.  
The rejection rate (R) of the membrane was calculated by the Equation 6.2. 
Equation 6.2   %1001(%) ×⎟⎟⎠
⎞
⎜⎜⎝
⎛ −=
b
p
C
C
R     
where Cp and Cb were protein concentrations in permeate and feed (mg/mL), 
respectively. The values were determined using a UV-VIS spectrophotometer (UV-
2101PC, Shimadzu, UK) at a fixed wavelength of 280 nm.  
6.3 Results and discussion 
6.3.1 ATR-FTIR characterisation 
The structures of the pure PVDF membranes and the membranes containing the PVDF-
g-PEGMA copolymers fabricated from the simplified method were studied by FTIR. 
Figure 6.2 shows the respective ATR-FTIR spectra for the top surface (air surface) of 
the pure PVDF membrane (a), and membranes with an estimated copolymer 
concentration of 1 wt% (b), 2 wt% (c) and 3 wt% (d) addressed herein as A1, A2 and 
A3 respectively. Comparing the IR spectra of these membranes, new peaks at 1109 cm-1 
and 1728 cm-1 appeared in the spectra of the grafted ones. These peaks represent the 
characteristic bands for C-O-C stretch C=O and stretch attributed to the ether and ester 
groups, respectively [6], which indicates that the presence of graft PEGMA in the 
resultant membranes. This result is consistent with the results of previous studies on 
grafting of poly(ethylene glycol) methyl ether methacrylate onto PVDF membranes 
[6,8], hence suggesting that the membrane containing the graft copolymer, PVDF-g-
PEGMA has been successfully formed. Furthermore, from the spectra, there are no 
significant peaks observed at 1641 cm-1 attributable to carbon-carbon double bond 
stretch, indicating that no more unreacted monomer PEGMA remains on the membrane 
surface [8], which means that the unreacted PEGMA from polymerisation might have 
been completely removed from the resultant membrane after immersion in water for 
several days. 
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6.3.2 Contact angle measurement 
Hydrophilicity of the membranes including pure PVDF were characterised through the 
water contact angle measurement. The static contact angle and dynamic contact angle 
were measured in order to determine the hydrophilicity of the membranes, and the data 
is reported in Table 6.3 and Figure 6.3. The values from the Table 6.3 clearly show that 
the static contact angle of PVDF membranes fabricated using this method decreased 
significantly, suggesting that the membranes containing the grafted polymer exhibited 
higher surface wettability, when compared with the pure ones. Among all, the greatest 
surface wettability is exhibited by the A3 membrane, followed by the A2 and A1 
membranes. Since the contact angles of A1, A2 and A3 membranes are in ascending 
order, the higher the amount of PVDF-g-PEGMA in the casting solution, the greater the 
surface hydrophilicity of the membrane is. PVDF membranes containing final 
composition of 4.7- 13 wt% PVDF-g-PEGMA developed in this study has shown a 
comparable contact angle of 57º to 67º with the ones containing 5-10 wt% PVDF-g-
PEGMA prepared from a conventional method [20]. 
Through visual observations, the water droplets on membrane surfaces containing 
PVDF-g-PEGMA disappeared and were ultimately wet through the membranes after 5 
minutes for A1 membrane, and about 7 minutes to 10 minutes for A2 and A3 
membranes, respectively, whilst for pure PVDF membrane, the water droplet does not 
ultimately wet through after 10 minutes. As seen in Figure 6.3, the contact angle does 
not decrease drastically over time as expected, however the membrane morphology 
observed from SEM and FESEM analyses could be employed to explain this 
phenomenon, as will be discussed further in the next section (Section 6.3.3). 
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Figure 6.2 ATR-FTIR spectra of (a) pure PVDF, (b) membrane A1, (c) membrane A2 
and (d) membrane A3 
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Figure 6.3 Changes in contact angle with water drop time to the membranes 
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Table 6.3 Static contact angle and filtration data 
 
Membrane Contact angle (°) J0 ( L/(m2·h) ) Jp ( L/(m2·h) ) Jc (  L/(m2·h) ) 
Pure PVDF 90 ± 1.2 6.2 ± 0.3 -- -- 
A1 67 ± 0.5 116.2 ± 1.8 48 116 
A2 63 ± 0.2 31.4 ± 1.2 28 31 
A3 57 ± 0.9 13.2 ± 0.5 8 13 
Nevertheless, the result strongly indicates that the hydrophilic side chains of the graft 
copolymer attributed to the PEGMA component have been self-segregated on the 
membrane outer surface, resulting in improved hydrophilic properties of the PVDF 
membrane. 
 
6.3.3 Membrane structure and morphology 
The cross-section and surface morphology of fabricated membranes were studied using 
SEM and FESEM. Cross-sectional SEM micrographs of PVDF membranes prepared 
with the simplified method are shown in Figure 6.4. The membrane prepared from 1 
wt% copolymer (based on estimation) exhibits a typical asymmetric structure consisting 
of a thin skin layer of approximately 10 µm thickness accompanied by relatively short 
finger-like structures. Some large macrovoids beyond these structures are also observed.  
As reported by Kesting [24], this kind of morphology generally suggests the occurrence 
of a fast coagulation process when the polymer solution is brought into contact with 
water. Since the membrane casting solution consists of graft copolymer PVDF-g-
PEGMA, unreacted PEGMA, catalyst CuCl, ligand DMDP and PVDF polymer itself, 
the hydrophilic side chains of the PEGMA from the graft copolymer might have quickly 
moved towards water upon immersing the polymer solution in the water coagulation 
bath and might have self-segregated towards the membrane surface; thus further 
facilitating the precipitation process. The presence of an amphiphilic polymer in the 
casting solution is expected to have enhanced the solvent-non-solvent exchange by 
increasing the affinity of the casting solution and water; therefore creating favourable 
conditions for instantaneous liquid-liquid demixing. The overall morphology seems to 
be similar with the previous report on surface modified PVDF membranes with 
 174
Chapter 6   A Simplified Method for Preparation of Hydrophilic PVDF Membranes from an 
Amphiphilic Graft Copolymer 
 
amphiphilic graft copolymer PVDF-g-PEGMA using a typical membrane preparation 
method [20]. 
Membranes prepared with an estimated copolymer concentration of 2 wt% (A2 
membrane) and 3 wt% (A3 membrane) revealed remarkably different morphologies 
from the previously mentioned 1 wt% (A1 membrane). The structure seems to be quite 
complicated, with the size of finger-like structures becoming thinner and kind of 
“compressed”, while the overall thickness and membrane skin layer thickness increases 
with the increase in copolymer concentration, as seen in Figure 6.4. Furthermore, the 
formation of macrovoids is observed to be almost completely eliminated in these 
membranes. It is well known that the ultimate membrane morphology is governed by 
thermodynamic and kinetic factors; thus the addition of an additive into the casting 
solution is expected to affect the ultimate membrane morphology. 
In this study, with a small amount of copolymer as an additive in the membrane casting 
solution, the thermodynamic driving force played a major role during solution 
demixing, inducing instantaneous liquid-liquid demixing, as explained previously. 
However, further increase in the additive concentration may also cause a drastic 
increase in the viscosity of polymer solution. As a consequence, the phase separation 
may be kinetically hindered and this can result in the delayed onset of liquid-liquid 
demixing [25,26]. 
As can be seen from Table 6.2, the viscosity of solutions with 2 wt% and 3 wt% 
estimated copolymer concentration is dramatically increased in comparison with pure 
PVDF and 1 wt% estimated copolymer solutions.Due to an increase of unreacted 
monomer in line with the increase of copolymer concentration in the solution, the 
relationship between the solution viscosity and copolymer concentration does not rise 
proportionally as expected. Therefore, the phase inversion process in kinetically 
hindered resulting in the delayed onset of liquid-liquid demixing. 
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Figure 6.4 SEM cross-sectional images of membranes (a) membrane A1, (b) 
membrane A2 and (c) membrane A3 
Another factor contributing to the ultimate morphology of A2 and A3 membranes could 
be explained in terms of thermodynamic incompatibility induced between hydrophilic 
and hydrophobic components. By increasing the copolymer concentration, repulsions 
between hydrophilic segments of copolymer and the naturally hydrophobic PVDF 
polymer might have been induced during the immersion precipitation process. There 
exists some experimental evidence for the formation of aggregates and/or micelles 
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occurring in the amphiphilic diblock copolymer, as well as amphiphilic graft copolymer 
due to repulsions between hydrophilic and hydrophobic segments in solution [27-30].  
Depending on the type of solution, whether aqueous solution or organic solvent, 
amphiphilic copolymers show complex behaviour in solution depending on their ability 
to associate and change conformation in the medium. From our study, it is believed that 
the repulsions between hydrophobic PVDF polymer and hydrophilic copolymer might 
have occurred during immersion of the casting solution in the water coagulation bath, 
resulting in the morphology as seen in A2 and A3 membranes. 
Zhang and Eisenberg reported that various morphologies including spheres, rods, and 
vesicles of amphiphilic diblock copolymer aggregates could be obtained depending on 
the copolymer composition and the length of the hydrophobic backbone and hydrophilic 
side chains in low molecular weight solvents [31]. It is of interest to study the effects of 
amphiphilic graft copolymer aggregation or micelles on the membrane morphology 
developed in our studies. 
While membranes prepared with a higher amount of copolymer exhibited a slightly 
wavy and uneven structure at the top surface (air side), the membrane with the lowest 
amount of copolymer showed a relatively smoother surface morphology, as can be 
observed from FESEM images represented by Figure 6.5(a), 6.5(c) and 6.5(e). A 
nodule-like structure became apparent at the membrane bottom surfaces (Figure 6.5(b), 
6.5(d) and 6.5(f)) when the contents of copolymer PVDF-g-PEGMA were raised. 
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Figure 6.5 FESEM images of membrane top and bottom surfaces (a) A1 top, (b) A1 
bottom, (c) A2 top, (d) A2 bottom, (e) A3 top and (f) A3 bottom 
 
 178
Chapter 6   A Simplified Method for Preparation of Hydrophilic PVDF Membranes from an 
Amphiphilic Graft Copolymer 
 
Morphology of the membranes top surfaces were further characterised by AFM analysis 
and the three-dimensional AFM images are presented in Figure 6.6 with 10 µm x 10 µm 
scanning area. The AFM images reveal that the surfaces of the membranes are not 
smooth, where these membranes consist mass of peaks and valleys, which are shown by 
bright region and dark region respectively. It can also be seen from these images that the 
membrane top surfaces become rougher with the increase in PVDF-g-PEGMA content. 
With increasing copolymer contents in casting solution, more PEGMA is expected to 
self-segregate at the top of the membrane, thereby could be promoting a higher degree 
of surface roughness [21]. As a result, the surface roughness of the membrane becomes 
greater with the higher amount of amphiphilic copolymer. Further evidence supporting 
the roughness of the membrane surfaces are in terms of mean roughness, Ra and mean 
square roughness, Rq, which are summarised in Table 6.4. Both Ra and Rq values are 
gradually increased when the PVDF-g-PEGMA contents are raised from 1 wt% to 3 
wt% in polymer solutions. 
As seen from SEM and FESEM analyses, the morphology of membranes fabricated 
from simplified method exhibit dense top surfaces. A membrane with a dense top 
surface often results in a lower water penetration rate; therefore the contact angle does 
not decrease significantly against time. As such, the trend of the contact angle decline 
over time is observed to be gradual for membranes developed in this study. 
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(a) 
(b) 
(c) 
Figure 6.6 AFM images of the membranes top surfaces: (a) A1, (b) A2 and (c) A3 
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Table 6.4 Surface roughness data 
Roughness (scan size= 10 µm x 10 µm) 
Membranes 
Ra (nm) Rq (nm) 
A1 33.68 48.16 
A2 56.24 73.40 
A3 66.64 84.54 
 
 
6.3.4 Pure water flux and protein filtration studies  
The effects of copolymer compositions on PVDF membrane performance were 
investigated by pure water permeation and protein filtration studies. According to Table 
6.3, it can be seen that the pure water flux, J0 of PVDF membranes prepared from the 
simplified method increases significantly compared to pure PVDF membrane. 
Approximately 20-fold increase in pure water flux to 116.2 ± 1.8 L/(m2·h) was observed 
from membrane prepared with copolymer composition of 1 wt%, compared to the pure 
ones. The water permeation flux of membranes prepared with higher copolymer 
concentration of 2 wt% and 3 wt% are lower than that for A1 membrane, for which the 
flux decreases with increasing copolymer amount. The result is as expected, which is 
based on the SEM structural observations in the preceding section. 
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Figure 6.7 Flux changes during filtration and after cleaning with water; and BSA 
rejection profiles. Striped bars: percentage of pure water flux lost due to 
fouling, black bars: the recovery of initial pure water flux after water 
cleaning, and chequered bars: the BSA rejection rate 
Since the former membranes reveal a more compact structure, higher thickness and less 
macrovoids, the transport properties across the membranes might be hindered resulting 
in lower water permeation flux. Yang et al. discovered that at a relatively higher 
concentration of non-solvent additive such as polyvinylpyrrolidone (PVP), can swell in 
the membrane pores when it is entrapped in the polymer matrix, where this can result in 
lower permeability of the membrane [32]. Therefore, it is believed that the higher 
concentration of PVDF-g-PEGMA in the casting solution may also cause the copolymer 
to be entrapped in the PVDF matrix, resulting in a reduction in water flux. Nevertheless, 
the performance of all the modified membranes in terms of water flux has shown a 
substantial improvement, in comparison with the pure PVDF. 
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A comparison between membranes of pure water flux recovery after water cleaning is 
shown in Table 6.3 and is extended in Figure 6.7, where Jp represents the permeate flux 
during BSA filtration and Jc is the permeate flux after cleaning the membrane with 
deionised water in an ultrasonic bath. The values of Jp and Jc for pure PVDF membrane 
could not be obtained through this experiment due to the drastic drop in permeate flux 
and severe membrane fouling, as it is well known that PVDF membrane is highly 
hydrophobic. While no significant trends could be observed from the percentage of total 
fouling on the modified membranes, all membranes exhibit excellent pure water flux 
recovery, which is 100% after water cleaning. The excellent pure water flux recovery 
finding is similar to the ones reported by Asatekin et al. [33]. The values of J0 and Jc are 
found to be the same for all membranes prepared in this study except for pure PVDF 
membrane, indicating that the membranes exhibit reversible fouling characteristics, 
where initial water flux could be easily recovered by simple cleaning method using 
deionised water. In other words, no other type of physical cleaning methods or the use 
of chemicals is necessary to clean these membranes. 
Although the pure water flux becomes lower with the increment of copolymer PVDF-g-
PEGMA in polymer solution, the BSA filtration profile shows improvement in the BSA 
rejection rate from 2% to 66%. It is well known that the membrane performance could 
be governed by many factors including casting condition and membrane morphology. 
By increasing polymer concentration in casting solution, the coagulation process of the 
membrane tend to be slower allowing the surface morphology to evolve further [34]. In 
this study, higher copolymer concentration could have lowered the rate of coagulation, 
thus promoting the surface morphology of the resulting membrane to become relatively 
denser than the membrane containing low copolymer concentration. As a result, 
membranes with a denser surface layer would have relatively higher protein rejection 
rate but with a lower pure water flux.  
6.4 Conclusions 
The newly developed simplified method for the preparation of hydrophilic PVDF 
membranes from amphiphilic copolymer, PVDF-g-PEGMA has proven to be useful. 
Verification on the presence of copolymer in the membrane prepared through the direct 
addition of copolymer mixture into the polymer solution is made by ATR-FTIR spectra. 
PVDF membrane has shown significant improvement in terms of hydrophilicity and 
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pure water flux with this method. By increasing the copolymer concentration in the 
casting solution, the contact angle of the membrane can be greatly reduced, though the 
pure water permeation flux is decreased. A typical asymmetric membrane structure 
could be observed in the prepared membranes, mainly for membranes developed using 
the least amount of copolymer solution, though these membranes exhibit some 
macrovoids formation. With increasing copolymer concentration, the macrovoids 
formation could be suppressed and the surface roughness becomes greater. 
The initial water permeation flux of the membranes could be completely recovered by 
using simple water cleaning, after filtration experiments with protein. This indicates that 
the membranes exhibit reversible fouling properties, which is one of the critical 
considerations in industrial applications. Although further studies are required to 
improve the protein rejection properties of membrane, the simplified method for the 
preparation of hydrophilic PVDF membranes from amphiphilic copolymer PVDF-g-
PEGMA developed in this study is anticipated to result in considerable reductions on 
membrane production cost.  
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Fabrication of Hydrophilic PVDF Hollow Fibre Membranes: The 
Effect of Dope Variations and Spinning Parameters 
 
Abstract 
Hydrophilic hollow fibre PVDF membranes have been prepared from an amphiphilic 
graft copolymer, and spun from the previously developed simplified method. The 
resulting hollow fibre membranes demonstrated improvements on the hydrophilic 
properties, where the contact angle was substantially reduced, while the pure water 
flux has been improved to an approximately 400-fold increment from the pure ones. 
The highest water flux of 406.2 L/m2·h was observed on a membrane prepared with 
ethanol addition and 30 wt% NMP in water as an internal coagulant. Hollow fibre 
membranes spun using a wet spinning method (zero air gap) provide higher water flux 
compared to the ones spun at a higher air gap. Morphology of the hollow fibre 
membranes spun from different air gap changes significantly due to the presence of 
the hydrophilic graft copolymer, PVDF-g-PEGMA and excess monomer, PEGMA. 
The modified hollow fibre PVDF membranes have been also characterised by the 
FTIR-ATR, SEM, FESEM, BSA filtration, and tensile strength measurements. The 
mechanical properties of the modified hollow fibres show relatively smaller tensile 
strength and higher elongation at break, demonstrating a ductile behaviour. With 
increasing dope extrusion rate, the tensile strength of the hollow fibre membrane is 
enhanced due to greater molecular orientation and closer package of the molecules. 
This method is anticipated to provide significant insight in terms of process simplicity 
and cost reduction to the large scale membrane fabrication process.  
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7.1 Introduction 
Poly(vinylidene) fluoride (PVDF) is among attractive materials in membrane 
fabrication. PVDF possesses high thermal stability, good chemical resistance and 
resistance to many corrosive materials. These properties have made PVDF popular in 
many membrane applications such as membrane distillation, membrane contactors, 
water/organic separation and ultrafiltration [1-6]. Despite its popularity, PVDF 
membranes are still suffering from one major drawback, that is fouling during 
microfiltration or ultrafiltration of aqueous solutions. The natural hydrophobic 
properties of PVDF membranes make it easily susceptible to fouling, which may lead 
to a serious flux decline during long-term operations. Proteins that present in the 
solution feed may be adsorbed onto membrane surfaces or onto the membranes’ pore 
walls, causing a decrease in the permeation flux, subsequently affecting the efficiency 
of the overall processes. 
Many techniques have been explored to improve the hydrophilicity of PVDF 
membranes. These include coating of hydrophilic polymer/materials onto membrane 
surfaces [7,8], surface grafting by high energy electron beam or plasma treatment [9-
11], and blending of hydrophilic materials, such as amphiphilic copolymers in a 
membrane solution [12-14]. However, the coated layer has limitations in terms of 
long term stability, where the layer could be removed during cleaning or long-term 
operation, while surface grafting requires additional steps and costs for employing 
plasma or electron beam. Compared to these techniques, the blending of amphiphilic 
copolymers appears to be the one of the practical methods in the industrial scale 
applications because it can be considered as a single-step method for preparing 
hydrophilic membranes using hydrophobic membrane materials, and at the same time 
it can retain the membrane hydrophilicity. Amphiphilic copolymers are self-
organising blends of hydrophobic and hydrophilic polymers, which are designed such 
that the hydrophobic backbone provides compatibility with the matrix material and 
water insolubility, while the hydrophilic side chains present the desired surface 
hydrophilicity.  
To date, there have been extensive studies that report on the preparation of 
hydrophilic PVDF membranes by blending the amphiphilic copolymer with the 
polymer solution [12-15]. In most cases, the preparations involve the formation of 
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hydrophilic flat sheet PVDF membranes, rather than hollow fibre membranes. 
Geometrically, the hollow fibre configuration is preferred over the flat sheet owing to 
its high surface area per unit volume, which is one of the crucial aspects in industrial 
membrane productions. The hollow fibres can be easily scaled up and provide easy 
maintenance through the use of hollow fibre cartridges. However, the fabrication of 
hollow fibre membranes is universally recognised to be much more complicated than 
that of flat sheet membranes. This is because the formation of hollow fibre 
membranes depends on spinning parameters, which are considerably more complex 
compared to the casting parameters of flat sheet membranes. Although considerable 
effort is being devoted to the fabrication of PVDF hollow fibre membranes with the 
desired characteristics [16-21], but to our best knowledge, there has been only a single 
study reporting the fabrication of the hydrophilic PVDF membrane from amphiphilic 
polymer in hollow fibre configuration [22].  
The method to prepare the hydrophilic PVDF membrane from the amphiphilic graft 
copolymer generally involves a number of steps. In our recent work, an innovative 
approach to prepare hydrophilic PVDF membrane from the amphiphilic graft 
copolymer was proposed for the purpose of simplifying the conventional method, as 
well as to reduce the overall operational cost [23]. By adding the resultant copolymer 
mixture solution into the membrane casting solution, the precipitation, filtration and 
drying steps could be avoided. By exploiting the hydrophilic properties of monomer 
PEGMA, the unreacted monomer PEGMA remains from polymerisation PVDF-g-
PEGMA could be employed as a pore forming agent during membrane immersion 
precipitation process. The proposed method has shown to be promising because the 
hydrophilic properties of the modified membrane were retained and the obtained 
results were almost similar to the ones fabricated through a conventional method, 
which leads to potential prospects for large-scale productions.  
As mentioned earlier, hollow fibre configuration is generally preferred in industrial 
application due to the higher surface area compared to flat sheet. Therefore, in this 
chapter, we aim to prepare hydrophilic PVDF hollow fibre membrane from an 
amphiphilic graft copolymer PVDF grafted with poly(ethylene glycol) methyl ether 
methacrylate (PVDF-g-PEGMA), using a simplified method developed by us recently 
[23]. Dope solution is prepared by directly adding the graft copolymer, PVDF-g-
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PEGMA synthesised through atom transfer radical polymerisation (ATRP) method, 
into the prepared PVDF solution. This method will have significant reductions for 
steps involving the preparation of a PVDF spinning solution from the amphiphilic 
copolymer, which are precipitation, filtration and drying processes. This chapter 
describes the preparation of hydrophilic PVDF hollow fibre membranes from 
amphiphilic graft copolymer (PVDF-g-PEGMA) through the proposed simplified 
method. Further objectives are to investigate the effects of a copolymer addition on 
the solution’s viscosity, effects of air gap distance, copolymer concentration, ethanol 
addition and dope extrusion rate on the ultimate membrane morphology and 
performance. Feasibility studies will be performed for the developed method in 
fabricating hydrophilic PVDF hollow fibre membranes from graft copolymer.                             
7.2 Experimental 
7.2.1 Materials 
Commercially available poly(vinylidene fluoride) (PVDF, Kynar® 761) powder was 
obtained from Atofina Chemicals Inc., USA. Poly(ethylene glycol) methyl ether 
methacrylate, (PEGMA, Mn= 475 g/mol), copper (I) chloride (CuCl), 4,4’-dimethyl-
2,2’-dipyridyl (DMDP), silicone oil, bovine serum albumin (BSA, Fraction V) and 
phosphate-buffered saline (PBS) were purchased from Sigma Aldrich, UK. 1-methyl-
2-pyrrolidinone (NMP) was purchased from Rathburn Chemicals Ltd., UK. All 
solvents and chemicals were reagent grade, and all reagents were used as received. 
The PBS solution (pH = 7.4) was prepared by the addition of pre-packaged buffered 
salts to deionised water.  
7.2.2 Preparation and spinning  of hydrophilic PVDF hollow fibre membranes 
The graft copolymer PVDF-g-PEGMA has been synthesised through ATRP method 
[13]. Hollow fibre dope solutions were prepared with different copolymer 
compositions according to the previously described simplified method [23], where the 
detailed experimental set-up and spinning procedure has been described elsewhere 
[24] (refer to Appendix B.2 for spinning apparatus). In this study, the copolymer 
obtained from polymerisation was in the ratio of 1:10 from the overall amount of 
polymerisation mixture. PVDF concentrations were kept at 20 wt% throughout the 
experiments. Prior to spinning, the dope solutions were degassed under vacuum for 1 
hour to remove the air bubbles. Fibres were extruded through a spinneret with the 
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dimension of outer diameter/inner diameter of 1.0/0.7 mm. For the purpose of 
simplicity, the dope extrusion rate was kept constant during spinning. Water has been 
used as a bore fluid medium throughout the experiment. The dope compositions and 
spinning conditions for hollow fibres are listed in Table 7.1. Hollow fibre membranes 
were immersed into water for 3 days and subjected to daily water changing to remove 
the residual solvent and unreacted monomer. Prior to membrane characterisation, the 
hollow fibre membranes were pre-treated with ethanol before drying at room 
temperature. ATR-FTIR analysis, contact angle and tensile strength measurements 
were performed according to the procedures described in the preceding sections. 
 
Pure water flux experiments were conducted in a U-like membrane module filtration 
apparatus. For each module, ten fibres with 20 cm length were assembled into the 
filtration module and pure water flux measurement was performed in a cross flow 
mode through inside-out configuration (refer to Appendix D for schematic diagram of 
pure water flux measurement). Bovine serum albumin (BSA) was used as a model 
protein to evaluate the fouling resistance properties of the prepared membrane. 
Membrane was first pre-compacted at a transmembrane pressure (TMP) of 1.5 bar for 
30 min and the pure water flux was measured for every 5 min at a TMP of 1.0 bar. 
Then the deionised water was replaced with 1.0 g/L BSA in PBS solution for the 
fouling resistance test until 10 mL of permeate were collected. The values of 
permeation flux at the start and at the end of the protein filtration were recorded. After 
the protein filtration, the hollow fibre was cleaned with deionised water, and the water 
flux was measured again. 
Composition Spinning parameters 
Hollow fibre 
PVDF (%) Copolymer (%)* 
NMP + unreacted 
POEM + CuCl + 
DMDP (%) 
Extrusion rate 
(mL/min) 
Air gap 
(cm) 
Bore fluid rate 
(mL/min) 
Pure PVDF-30 30 2.0 
Pure PVDF-0 
20 0 80 1.5 
0 2.0 
F1-30 30 2.0 
F1-0 
20 1 79 1.5 
0 3.2 
F2-30 30 2.0 
F2-0 
20 2 78 1.5 
0 3.2 
F3-30 30 2.0 
F3-0 
20 3 77 1.5 
0 3.2 
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Table 7.1  Polymer dope compositions and spinning parameters. 
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7.3 Results and discussion 
7.3.1 ATR-FTIR analysis 
PVDF hollow fibre membranes were successfully spun from a polymer solution 
containing the amphiphilic graft copolymer, PVDF-g-PEGMA through the simplified 
method. Note that during preparation of spinning solution from amphiphilic graft 
copolymer, the conventional steps of purifying the copolymer, i.e. precipitation, 
filtration and drying process were abolished. Since our aim is to produce hollow fibres 
from a simplified method with improved hydrophilic properties, we do not intend to 
characterise the synthesised graft copolymer PVDF-g-PEGMA as the copolymer’s 
characteristics and properties have been previously studied in detail [13,25]. However, 
in order to study the feasibility of the developed method for producing hollow fibre 
membranes from the amphiphilic graft copolymer, FTIR analysis was performed as to 
verify the existence of PVDF-g-PEGMA in the produced fibres. The FTIR spectra of 
the hollow fibres are presented in Figure 7.1. 
 
 
F3-0 
F3-30 
F2-0 
F2-30 
F1-0 
F1-30 
Pure PVDF 
Figure 7.1 FTIR spectra for (a) pure PVDF membrane, (b) F1-30, (c) F1-0 (d) F2-
30, (e) F2-0, (f) F3-30 and (g) F3-0 (as defined in Table 7.1). 
Comparing the IR spectra of fibres containing PVDF-g-PEGMA (Figure 7.1(b-g)), with 
IR spectrum of pure PVDF hollow fibre membrane (Figure 7.1(a)), two significant 
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peaks appear and differ from the latter membrane. The IR spectra for all fibres 
fabricated from the simplified method contain the characteristics band of C=O stretch 
and C-O-C stretch, which were represented by peaks at 1727 cm-1 and 1100 cm-1 
respectively. These two peaks could not be observed in the IR spectrum of pure PVDF 
fibre. These peaks are similar to the ones obtained from the previous study on grafting 
of poly(ethylene glycol) methyl ether methacrylate onto PVDF membranes [25], hence 
suggesting the presence of the PVDF-g-PEGMA in the hollow fibres. In addition, no 
obvious peak could be observed at 1642 cm-1 attributed to the C=C stretch, which 
indicates that the unreacted monomer resulted from the polymerisation might have been 
completely removed through ethanol treatment. It is worth noting that ethanol was 
employed to prevent membrane shrinkage, and to remove the unreacted monomer since 
ethanol has been claimed to be a good solvent for PEGMA [25].  
7.3.2 Effect of air gap distance on the membrane morphology 
It is well known that the air gap distance is one of the most important spinning 
parameters that influence the ultimate hollow fibre membrane morphology and 
structure. For the purpose of investigating the effects of air gap distance on the 
hydrophilic modified PVDF hollow fibre membranes, PVDF hollow fibre membranes 
with the addition of the amphiphilic graft copolymer mixture (estimated graft 
copolymer 1.5 wt%) prepared from the simplified method were spun. The air gap was 
changed from zero, 10 cm and 30 cm, while the extrusion speed was kept at a constant 
rate. The overall and partial cross section morphology SEM images for the spun hollow 
fibres were shown in Figure 7.2. 
The hollow fibre spun with 30 cm air gap exhibits long and large finger-like voids 
initiated from inner skin layer across the fibre, where this finger-like voids contribute 
approximately 90% of the overall fibre thickness. The remaining 10% is occupied by a 
very short finger-like structure near the inner layer and almost none near the outer layer. 
The outer surface is exposed for a longer period of time due to the presence of a high air 
gap. Thus, the polymer precipitation process occurs near the inner surface rather than 
the outer surface. As the dope solution consists of PVDF-g-PEGMA, the hydrophilic 
side chains of PEGMA might have quickly moved towards water near the inner surface 
causing a rapid liquid-liquid demixing process [23]. In addition, the excess of 
hydrophilic PEGMA monomer in the dope solution might rapidly leach out into the 
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internal water coagulant from the inner surface of the fibre (as this part is first brought 
into contact with water through lumen), resulting in the formation of macrovoids 
observed in the hollow fibre membrane. 
When the air gap is reduced to 10 cm, the membrane structure changes significantly 
compared to the one spun at higher air gap, where it forms dual structure consisting of 
sponge-like central layer sandwiched by two finger-like structures of both sides or 
commonly referred to as “sandwich-like” structure. At a lower air gap distance, the fibre 
is rapidly immersed in the coagulation bath, after exiting from the spinneret. Therefore 
with relatively less evaporation time, the rapid exchange between non-solvent and 
solvent has occurred at both surface sides of the fibre, resulting in the formation of high 
volume of finger-like voids near the outer skin layer. It can be observed that the length 
of the finger-like structure near the outer skin layer increases at a lower air gap, while 
the ones near the inner skin layer is decreased. Both finger-like voids do not exhibit 
similar size and length, whereas the fingers near the inner skin layer is observed to be 
relatively longer and larger from the outer skin layer. This is because the outer layer is 
exposed to air for a period of time before immersion in the external coagulation bath. 
Thus, the rate of precipitation near the outer layer is comparatively slower than the inner 
layer.  
Nevertheless, the size and length of the finger-like structure becomes more or less equal 
when wet spinning (zero air gap) is introduced during spinning. Both outer and inner 
surface sides have finger-like structures of similar length and size, and between these 
finger layers there exists a central layer of sponge-like structure. Because the fibre is 
spontaneously immersed into internal and external coagulation baths consisting of pure 
water, the rate of precipitation for both surfaces is anticipated to be almost equal and 
fast, resulting in the similar structures of both side surfaces 
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(a) 
 
(b) 
 
(c) 
 
 
 
 
 
 
 
 
Figure 7.2 SEM cross-sectional images of hollow fibre membranes prepared from 1.5 
wt% graft copolymer (PVDF-g-PEGMA) with different air gaps (a) 30 cm 
air gap, (b) 10 cm air gap and (c) 0 cm air gap. 
 
 
 
 
 
 
 196
Chapter 7            Fabrication of Hydrophilic PVDF Hollow Fibre Membranes: The Effect of Dope 
Variations and Spinning Parameters 
7.3.3 Effect of graft copolymer addition on solution viscosity 
Apart from spinning parameters or factors such as the coagulation medium used or 
spinneret size etc., viscosity is one of the important factors in determining the spin-
ability of the dope solution during the spinning of the hollow fibre membranes. 
Furthermore, the kinetics aspects of the membrane formation process are also controlled 
by the solution’s viscosity, since the solution’s viscosity has a strong influence on the 
inter-diffusion solvent and non-solvent during phase inversion process. 
 
Figure 7.3 Viscosity of the polymer solution. 
Figure 7.3 shows the viscosity of the dope solution with the addition of the amphiphilic 
copolymer, PVDF-g-PEGMA. Viscosity of the PVDF solution increases from 2450 cP 
to 6440 cP with the addition of 1 wt% copolymer. However, when the composition of 
copolymer is raised to 2 wt% and 3 wt%, the viscosity increases dramatically to 21000 
cP and 41600 cP respectively, which demonstrates that starting from this point, a slight 
increase in the copolymer concentration may cause a drastic increase in the solution’s 
viscosity. The relationship between the solution’s viscosity and copolymer 
concentration does not rise proportionally due to the increase of unreacted monomer in 
line with the copolymer concentration in the solution [23]. 
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Ideally, the viscosity obtained in this study can be considered as within the acceptable 
range for hollow fibre spinning, though further increase in the copolymer concentration 
might increase the solution’s viscosity, which may aid the spinning process of the 
hollow fibre membrane. However, in our study, a further increase of the copolymer 
concentration to 5 wt% in the spinning solution causes the solution to become gel. It is 
believed that when 5 wt% of copolymer is added into solution, the total amount of 
unreacted monomer, catalyst and ligand eventually becomes 45 wt% (largely associated 
with unreacted monomer because the catalyst and ligand amount accounts for 0.04 wt% 
and 0.2 wt% respectively) of the total solution, where in this experiment 10 grams of 
copolymer mixture yield 1 gram of copolymer. 
As a result, the solvent power (in this case NMP) is reduced due to the presence of 
excess monomer which causes the solution to be gelled. In addition, the presence of 
hydrophilic PEGMA monomer could also lead to the hydrophilic-hydrophobic 
interaction between the PEGMA and PVDF polymer in the solution which may induce 
inhomogeneity of the solution. Therefore, the copolymer concentration of up to 3 wt% 
in solution would be an acceptable range for preparing the dope solution using the 
simplified method from the amphiphilic graft copolymer. 
  
7.3.4 Effect of graft copolymer concentration 
7.3.4.1 Membrane morphology 
Figure 7.4 and Figure 7.5 show the overall and partial cross section SEM images of 
hollow fibre membranes prepared from 1 wt%, 2 wt% and 3 wt% spun at 30 cm air gap 
and zero air gap respectively. As seen from Figure 7.4 (a), hollow fibres containing 1 
wt% and 2 wt% amphiphilic copolymer, PVDF-g-PEGMA exhibit an almost similar 
morphology where short finger-like structure exists near both the inner and outer skin of 
the fibre with long and large finger-like structures (macrovoids) present in between 
them. On the other hand, the morphology of the hollow fibre membrane changes 
significantly when the copolymer concentration is raised to 3 wt%. The size of 
macrovoids that exist in 3 wt% fibre is remarkably reduced; however, the length of 
short finger-like structure near the inner skin increases two-fold in comparison with the 
fibres containing lower composition of PVDF-g-PEGMA. It is also observed that there 
exists a dense layer near the inner skin and outer skin of the former membrane.  
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Figure 7.4 SEM images of overall and partial cross-section of PVDF hollow fibre 
membranes prepared from (a) 1 wt%, (b) 2 wt% and (c) 3 wt% copolymer 
at 30 cm air gap. 
 
 
 
 
(a) (c) (b) 
1 wt% PVDF-g-PEGMA 2 wt% PVDF-g-PEGMA 3 wt% PVDF-g-PEGMA 
(a) 
3 wt% PVDF-g-PEGMA 1 wt% PVDF-g-PEGMA 2 wt% PVDF-g-PEGMA 
(c) (b) 
Figure 7.5 Overall and partial cross-section SEM images of hollow fibre membranes 
prepared from (a) 1 wt%, (b) 2 wt% and (c) 3 wt% copolymer at 0 cm air 
gap. 
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It is believed that the presence of hydrophilic graft copolymer, PVDF-g-PEGMA the 
excess monomer, PEGMA and PVDF contained in the spinning solution may have 
induced the occurrence of hydrophobic and hydrophilic repulsions, and hence resulting 
in this kind of membrane morphology [23]. Comparing with our previous work on flat 
sheet membrane, the turning point of the hydrophobic and hydrophilic repulsions 
occurred at the membrane containing 2 wt% graft copolymer, while for hollow fibre 
membrane developed in this study shows the changes at 3 wt% graft copolymer. 
Nevertheless, it is worth mentioning that the conditions to fabricate flat sheet 
membranes and hollow fibre membranes can be considered as totally different from 
each other, therefore it could not be the basis of comparison. Hollow fibre membranes 
spun using the wet spinning method also show similar trends of morphology, as seen in 
Figure 7.5. Although all membranes spun at zero air gap exhibit dual structures, which 
consist of a finger-like structure near the inner and outer layer with sponge-like 
structure in between them, the size of the largest finger-like structure is observed in the 
membrane containing 2 wt% PVDF-g-PEGMA. 
7.3.4.2 Contact angle measurements 
Contact angle is one of the widely used characterisation methods for determining the 
hydrophilic properties of a membrane. In this study, static contact angle measurements 
have been performed on the outer layer of the hollow fibre membranes, and the results 
are shown in Figure 7.6. 
White bars represent the contact angle for hollow fibres spun at a 30 cm air gap, while 
the grey bars represent the contact angle for the hollow fibre membranes spun at zero air 
gap. Overall, the contact angle for all fibres falls in the range between 52.1° to 67.5°. 
Thus the results demonstrate that the hollow fibre membranes prepared from simplified 
method show improvement in the hydrophilicity, as the pure PVDF membrane 
generally has a contact angle of 90° or above. Membrane contact angle decreases when 
the amphiphilic copolymer concentration is gradually increased from 1 wt% to 3 wt%. 
This is as expected due to the greater amount of hydrophilic PVDF-g-PEGMA present 
in the resulting membranes. 
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Figure 7.6 Static contact angle measurement. 
 
Nevertheless, hollow fibres spun at zero air gap show a lower contact angle compared to 
the fibres spun at 30 cm air gap distance, which demonstrates that the former possesses 
higher hydrophilicity than that of the latter. When the hollow fibre is spun at the zero air 
gap, both the inner and outer surfaces of the fibre were brought into contact with water 
simultaneously, creating an opportunity for the hydrophilic side chains of the 
amphiphilic copolymer to self-segregate onto both surface sides. On the other hand, the 
latter membrane was exposed to air at a certain period of time (air gap distance of 30 
cm) before immersion into a coagulation bath; hence this might have suppressed the 
degree of surface segregation of the amphiphilic copolymer on the outer surface.  
7.3.4.3 Pure water flux measurements and BSA rejections 
Pure water flux data are summarised in Table 7.2, and have been translated into Figure 
7.7. From Figure 7.7, all hollow fibres spun from the simplified method show higher 
pure water flux than that of pure PVDF membrane. 
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Table 7.2 Pure water flux measurement and BSA rejection. 
Membrane 
Pure water flux 
(L/m2·hr) 
BSA rejection (%) 
Pure PVDF-30 0.21 - 
Pure PVDF-0 0.3 - 
F1-30 22.2 89.4 
F1-0 107.3 - 
F2-30 32.3 77.8 
F2-0 123.4 - 
F3-30 12.8 93.2 
F3-0 21.1 - 
 
 
 
Figure 7.7 Pure water flux measurement 
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(c) (a) (b)  
1 wt% PVDF-g-PEGMA 2 wt% PVDF-g-PEGMA 3 wt% PVDF-g-PEGMA  
Figure 7.8 FESEM images of outer (top) and inner (bottom) surfaces of hollow fibre 
membranes prepared from (a) 1 wt%, (b) 2 wt% and (c) 3 wt% copolymer 
at 30 cm air gap 
 
 
(c) (a) (b)  
3 wt% PVDF-g-PEGMA 1 wt% PVDF-g-PEGMA 2 wt% PVDF-g-PEGMA  
Figure 7.9 FESEM images of outer (top) and inner (bottom) surfaces of hollow fibre 
membranes prepared from (a) 1 wt%, (b) 2 wt% and (c) 3 wt% copolymer 
at 0 cm air gap 
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At least 60-fold increment of pure water flux was obtained from the modified 
membrane than that of pure PVDF. The highest water flux (123.4 L/m2·h) is shown by 
the 2 wt% PVDF-g-PEGMA fibre spun at zero air gap, where this accounts for 
approximately 400-fold increase when compared to that of pure PVDF membrane (0.30 
L/m2·h). 
Overall, the hollow fibres prepared without an air gap show greater water flux than the 
ones spun at 30 cm air gap. This is due to the fact that the fibres prepared at zero air gap 
would undergo rapid precipitation when brought into contact with water as internal and 
external coagulants, hence promoting the amphiphilic graft copolymer PVDF-g-
PEGMA to be quickly self-segregated onto the inner and outer surfaces of the 
membranes. With the presence of the amphiphilic copolymer at both surface sides, more 
water would be attracted to pass through the membranes resulting in the higher water 
flux. On the other hand, membranes prepared from a 30 cm air gap have been exposed 
to air for a period of time (corresponding to the evaporation time for flat sheet 
membranes), thereby resulting in relatively less amount of PVDF-g-PEGMA self-
segregating onto the membrane especially on the outer surface. As a result, the water 
flux is reduced for the latter membranes. This is also supported by the FESEM images 
presented in Figure 7.8 and Figure 7.9, where the hollow fibre membranes spun at zero 
air gap show a greater surface roughness on both inner and outer surfaces compared to 
the ones spun at 30 cm air gap.  
By increasing the copolymer contents from 1 wt% to 2 wt%, the water flux increases for 
both membranes irrespective of their air gaps. This is attributable to the higher 
composition of the amphiphilic copolymer contained in that particular hollow fibre; 
hence attracting more water to penetrate through it. However, when the copolymer 
concentration is increased to 3 wt%, the water flux decreases significantly and is 
reduced to an even a lower value than the 1 wt% membrane. As explained in our 
previous work on flat sheet membranes [23], 3 wt% membrane has a lower water flux 
among all attributed to the compact and compressed type of membrane morphology 
(based on SEM images), hence the water penetration across the membrane is hindered.  
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As seen in Table 7.2, the trend of the BSA rejections is consistent with the pure water 
flux measurement, for which the membranes with a lower water flux possess greater 
BSA rejection. The hollow fibre membrane prepared from 3 wt% copolymer and spun 
at 30 cm air gap shows the highest BSA rejection among all, and this result is in 
agreement with the pure water flux data and membrane morphology. The highest BSA 
rejection data was found from the hollow fibre prepared from 3 wt% PVDF-g-PEGMA 
with 93.2% rejection, while the lowest rejection was demonstrated by the hollow fibre 
prepared from 2 wt% PVDF-g-PEGMA with 77.8% rejection. All membranes 
demonstrated 100% flux recovery upon washing with deionised water after the BSA 
filtration experiment. 
7.3.4.4 Mechanical properties 
The mechanical properties of the prepared hollow fibre membranes have been evaluated 
through a tensile strength and elongation measurements. Figure 7.10 and Figure 7.11 
show the results of tensile stress at break and elongation at break of the hollow fibre 
membranes respectively. Figure 7.10, as expected, revealed that the tensile stress of 
hollow fibre membranes decreases with the increase of copolymer concentration from 1 
wt% to 2 wt%, then again increases from 2 wt% to 3 wt%. 
From membrane morphological aspect, 2 wt% fibre possesses the highest volume of 
macrovoids among all (as observed from SEM images), therefore leading to the weakest 
mechanical strength among all especially when spun at higher air gap of 30 cm. Overall, 
the tensile strength of membranes spun at zero air gap are higher than the ones spun at 
higher air gap and this phenomenon could be correlated with the membrane 
morphological point of view (as previously discussed in the section 7.3.2). Although the 
former membranes contain a dual structure consisting of finger-like structure occurring 
at both surface sides, the size of macrovoids is much smaller than that of the latter as 
observed from the SEM images and this may provide a greater tensile strength. The 
elongation at break as shown in Figure 7.11, are observed to be substantially higher for 
the membranes spun at zero air gap. The maximum elongation that could be obtained is 
from the 2 wt% hollow fibre membrane, which this is in accordance with the tensile 
strength result (lower tensile strength usually results in higher elongation at break, or 
vice versa). 
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Figure 7.10 Tensile strength of the hollow fibre membranes. 
 
Figure 7.11 Elongation at break of the hollow fibre membranes 
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From these results, all hollow fibre membranes exhibit ductile behaviour in terms of 
mechanical properties, as demonstrated by the relatively small tensile strength and large 
extension at break. The tensile strength of the modified membranes falls in the range 
between 2.2 MPa and 5.9 MPa, while the elongation at break demonstrated the values 
between 146 % and 234 %. 
7.3.5 Effect of ethanol addition in spinning solution 
The preparation of hydrophilic PVDF membrane containing the amphiphilic graft 
copolymer from the proposed simplified method has resulted in the improvement of 
pure water flux and anti-fouling properties. However, membrane morphology contains a 
large volume of macrovoids. Macrovoids can cause defects in membranes, consequently 
decrease the membrane rejection as well as the mechanical strength. 
As an effort to suppress the macrovoids formation in membranes, 5 wt% ethanol has 
been added into the dope solution. Ethanol is a weak co-solvent that often being 
employed as a non-solvent additive in the preparation of PVDF membrane solution 
[26,27]. Furthermore, since ethanol was found to be the good solvent for dissolving 
PEGMA [25], the presence of ethanol in the spinning solution is anticipated to be 
effective in removing the unreacted PEGMA from the resulting PVDF membrane. The 
detailed preparation and spinning conditions of the PVDF hollow fibre membranes 
prepared with ethanol and copolymer additions are tabulated in Table 7.3. Two similar 
fibres were spun, where the preparation and spinning conditions were identical except 
that different fractions of NMP in water mixture were employed as the internal 
coagulation medium. 
Figure 7.12 shows the cross section and inner surface morphology of hollow fibre 
membranes spun with the addition of ethanol. Porous inner structure could be observed 
from the SEM images of both hollow fibre membranes spun with the addition of ethanol 
and the presence of NMP/water mixture as the coagulation medium. The size of finger-
like structure presence in the inner surface of both hollow fibres becomes relatively 
smaller when compared to the ones previously prepared with different conditions 
(Figure 7.4 (b)). It is believed that the growth of macrovoids had been suppressed and 
more porous inner surface has been formed by adding ethanol into the spinning solution 
and due to the employment of NMP/water mixture as internal coagulation bath. 
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Table 7.3  Preparation and spinning conditions. 
 
Composition Spinning parameters 
Hollow 
fibre PVDF 
(%) 
Copolymer 
(%) 
Ethanol 
(%) 
NMP + unreacted 
POEM + CuCl + 
DMDP (%) 
Extrusion 
rate 
(mL/min) 
Air gap 
(cm) 
Bore fluid 
rate 
(mL/min) 
Bore fluid 
medium 
FE-1 20 2 5 73 2.0 30 2.0 20 wt% NMP in water 
FE-2 20 2 5 73 2.0 30 2.0 30 wt% NMP in water 
FF1.5 22 2 0 76 1.5 30 2.0 Water 
FF10 22 2 0 76 10 30 10 Water 
FF20 22 2 0 76 20 30 12 Water 
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 (a) 
20 wt% NMP in water 
(b) 
30 wt% NMP in water  
Figure 7.12 Cross section and inner surface of PVDF hollow fibre membranes spun 
with (a) 20 wt% NMP and (b) 30 wt% NMP, in water mixture as internal 
coagulation medium. 
 
Table 7.4 Pure water flux of hollow fibre membranes with ethanol addition and 
different extrusion rates. 
Hollow fibre Pure water flux (L/m2·h) 
FE-1 391.3 
FE-2 406.2 
FF1.5 171.1 
FF10 112.5 
FF20 50.7 
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From Table 7.4, it can be seen that membrane performance in terms of pure water flux 
has been remarkably improved to approximately 400 L/m2·h at 1 bar with the ethanol 
addition and NMP/water mixture as an internal coagulation bath medium. Ethanol can 
act as a pore former, as reported by Kesting [28], thus the addition of ethanol is believed 
to have leached out and at the same time enhances the leaching out process of the 
unreacted PEGMA from the resulting membranes during phase inversion process. 
By employing a certain amount of NMP in the coagulation medium, a delayed liquid-
liquid demixing has been imposed during membrane formation, thus resulting in the 
reduced length of the finger-like structure and porous skin layer. Combinations of these 
two factors have eventually resulted in more porous structure of the membrane, 
consequently improving the pure water flux. Similar to the observation by Yeow et al. 
[29], the addition of 5 wt% of ethanol into the dope solution had decreased the solution 
viscosity to 14000 cP instead of 21800 cP (without ethanol addition). Therefore, it is 
believed that at this condition ethanol might have acted principally as a solvent thus 
reducing the solution viscosity. 
7.3.6 Effect of dope extrusion rate 
The effect of dope extrusion rate (or shear rate within a spinneret) during the hollow 
fibre spinning on membrane morphology, performance and mechanical strength has 
been investigated in this study, where the detailed preparation of the dope solution and 
spinning conditions are tabulated in Table 7.3. Dope extrusion rate has been varied from 
1.5 mL/min, 10 mL/min and finally to 20 mL/min. 
Figure 7.13 shows the cross section SEM images of hollow fibre membranes spun with 
the dope flow rate of (a) 1.5 mL/min and (b) 10 mL/min. It should be mentioned that the 
cross section morphology of hollow fibre membrane spun at 20 mL/min extrusion rate 
did not differ significantly from the one spun at 10 mL/min. Therefore it is not shown 
here. It can be seen that the membrane spun at lower extrusion rate of 1.5 mL/min 
exhibits large macrovoids initiated from the inner surface, for which the volume of the 
macrovoids are estimated to be almost 90% of the hollow fibre cross section thickness.  
The remaining percentage consists of small and short finger-like structure near the outer 
surface of the fibre. On the other hand, the size of macrovoids decreases substantially 
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when the extrusion rate is increased to 10 mL/min, where the overall wall thickness 
comprised of approximately 55% of macrovoids with smaller size near the inner 
surface, and relatively shorter and smaller finger-like structure presence near the outer 
surface. There exists sponge-like structure region in between these surfaces. By 
increasing the dope extrusion rate, greater molecular orientation is induced and the 
molecular chains are packed closely to each other, leading to a tighter structure during 
hollow fibre membrane formation [30]. 
Figure 7.14 shows that the outer surface of all hollow fibres are dense irrespective of the 
extrusion rate employed. Water is a strong non-solvent which being employed as both 
internal and external coagulant, resulting in the instantaneous liquid-liquid demixing 
leading to a denser skin during hollow fibre membrane formation. Nevertheless, 
membrane outer surface becomes rougher and some globule-like particles could be 
observed with the increase in the dope extrusion rate.  
The presence of hydrophilic PVDF-g-PEGMA and the excess monomer had further 
enhanced the rate of precipitation, hence promoting a higher degree of liquid-liquid 
demixing. Hence, greater surface roughness is observed on the hollow fibre membranes 
spun at higher dope extrusion speed. It is also observed that the hollow fibre outer 
diameter increases from 0.1 cm to 0.13 cm when the dope extrusion speed is increased 
from 1.5 mL/min to 10.0 mL/min. However, further increment in dope extrusion rate to 
20.0 mL/min results in 0.14 cm outer diameter, which can be considered as a minor 
change. 
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(a) 
Extrusion rate: 1.5 mL/min 
 (b) 
Extrusion rate: 10 mL/min 
 
Figure 7.13 Overall and cross section SEM images of PVDF hollow fibre membranes 
prepared from (a) 1.5 mL/min and (b) 10 mL/min dope extrusion rate. 
 
(a) 
1.5 mL/min
(b) 
10 mL/min
 (c) 
20 mL/min  
Figure 7.14 Outer surface FESEM images of PVDF hollow fibre membranes spun at 
(a) 1.5 mL/min, (b) 10 mL/min dope and (c) 20 mL/min extrusion rate. 
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Figure 7.15 Tensile stress and elongation at break of hollow fibre membranes with 
different extrusion rate. 
 
Pure water flux measurements of the hollow fibre membranes prepared with different 
dope extrusion rates are tabulated in Table 7.4. It clearly shows that the pure water flux 
decreases when the dope extrusion rate is enhanced. The performance results are 
consistent with the membrane morphology as discussed above, where higher extrusion 
rate results in a tighter structure which has higher resistance to water. Figure 7.15 
demonstrates the tensile strength at break of the hollow fibres increases but with 
increasing dope extrusion rate. It is as expected because the higher shear rate will results 
in a greater molecular orientation and closer package of molecules. However, the 
elongation at break fluctuates irrespective of the dope extrusion rate. Since the hollow 
fibre membranes were spun at a 30 cm air gap, the elongation stress (outside the 
spinneret) due to gravity might have coupled with the shear stress (within the spinneret) 
and affect the elongation rate of the hollow fibres. Detailed verification of this aspect is 
beyond the scope of the present study. 
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7.4 Conclusions 
PVDF hollow fibre membranes containing an amphiphilic graft copolymer, PVDF-g-
PEGMA have been successfully spun through the direct preparation from 
polymerisation, or address herein as simplified method. The hollow fibres have shown 
improvement in the hydrophilicity and fouling resistance properties. Pure water flux of 
the modified membranes has been significantly increased to approximately 400-fold 
higher than pure PVDF membrane, while the contact angle has been reduced to around 
60°. The highest pure water flux 406.2 L/m2·h was obtained from the membrane 
prepared with ethanol addition and 30 wt% NMP in water as internal coagulant. In 
general, hollow fibres spun at zero air gap showed greater water flux than the ones spun 
at higher air gap, this could be due to the relatively larger distribution of the surface 
segregated amphiphilic copolymer, PVDF-g-PEGMA on the inner and outer layer of the 
former hollow fibre membranes. It is also observed that the morphology of the hollow 
fibre membranes changed significantly at different air gap distance. The hollow fibre 
membranes spun through wet spinning method exhibit a relatively smaller volume of 
macrovoids compared to the ones spun at the higher air gap, thus providing better 
mechanical properties. With increasing dope flow rate, the hollow fibre membrane 
possesses less macrovoids and better tensile strength due to a greater molecular 
orientation and closer package of molecules. The proposed method is anticipated to be 
remarkably practical in large scale membrane fabrication process containing the 
amphiphilic copolymer in terms of process simplicity and cost reduction. 
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8.1 General conclusions 
This thesis has demonstrated that the performance of PVDF membranes can be 
enhanced by employing and extracting inorganic particles using acid or alkali 
treatment to produce more porous membranes, while the hydrophilicity and water 
permeability of PVDF membranes can be improved by employing a more simplified 
approach in the preparation of membranes from amphiphilic graft copolymer. The 
stability of PVDF hollow fibre membranes in caustic environment was also 
investigated by testing the hollow fibre membranes made from a range of PVDF raw 
materials and treated using a sodium hydroxide aqueous solution under different 
conditions.  
8.1.1 Inorganic silica addition and the removal using an acid/alkali treatment 
Blending of inorganic particles with the dope solutions has emerged recently as a 
technique for improving the performance of PVDF membranes. However, this method 
is usually employed in the preparation of composite membranes or the preparation of 
membranes via the TIPS process. In this study, PVDF flat sheet and hollow fibre 
membranes have been prepared via a conventional immersion precipitation method 
from dope solutions containing inorganic SiO2 particles; these particles were then 
extracted from the resultant membranes by a treatment using either HF acid or NaOH 
aqueous solution to produce an interconnected porous structure. By treating the 
membranes containing SiO2 particles by using either the HF acid at room temperature 
or NaOH aqueous solution at high temperature, PVDF membranes with significant 
enhancement in the water permeability of around 8~9-fold increment can be obtained. 
The HF acid treatment is more efficient in removing the SiO2 particles without 
affecting membrane mechanical strength, while the high temperature NaOH treatment 
can severely reduce the mechanical strength of the prepared membranes.  
8.1.2 Stability of PVDF membranes in caustic environment 
Hollow fibre membranes prepared from three different commercial PVDF materials 
exhibit different degrees of degradation when exposed to the sodium hydroxide 
solutions. While the reaction between PVDF and NaOH is initiated even at low 
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concentrations of NaOH, the extent of degradation is determined by the treatment 
temperature, treatment time and the sodium hydroxide concentration. With an 
increase in treatment temperature, treatment time and the sodium hydroxide 
concentration, the degradation process of the PVDF membrane is accelerated and 
intensified and results in a reduction in elongation and crystallinity. Therefore, one 
may have to consider the aforementioned effects on the stability of PVDF membranes 
during chemical cleaning, or in the application of such a membrane as a contactor 
involving NaOH solutions, particularly under harsh operating conditions.  
8.1.3 A simplified method for membrane preparation from copolymer 
The procedure for membrane preparation from amphiphilic graft copolymer can be 
simplified from a conventional 5-step procedure (polymerisation, precipitation, 
filtration, drying and membrane casting) to a 2-step procedure (polymerisation and 
membrane casting). The philosophy underlying the proposed method is that the 
solvent used during polymerisation can also be employed as a solvent for the 
dissolution of polymer in the membrane casting solution (in this case is PVDF), and 
the unreacted monomer (in this case is hydrophilic PEGMA) can act as a pore 
forming additive. Moreover, the presence of catalyst and ligands during 
polymerisation is relatively small enough to influence the ultimate membrane 
morphology and performance. It has been demonstrated that the membranes 
developed via the simplified method exhibit improved hydrophilic properties and 
performance compared to pure PVDF, and are comparable to membranes prepared 
using the conventional method. By eliminating the three additional steps, namely 
precipitation, filtration and drying processes, the usage of chemicals and energy can 
be substantially reduced and this will lead to a remarkable reduction in terms of the 
global environmental impact, as well as the overall membrane production costs. 
8.2 Recommendations for future work 
8.2.1 Microstructure of treated membranes 
The removal of SiO2 particles from the resultant PVDF membrane using HF acid 
treatment has been demonstrated to significantly improve the pure water flux of the 
fibre without affecting its mechanical properties, whilst the use of NaOH solution 
weakened the membrane mechanical strength. The overall structures of the hollow 
fibres were found to be similar before and after treatment using either a NaOH 
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solution or HF acid; however, further studies concerning the effect of both types of 
treatments on the morphology and microstructure of the membranes would be 
valuable, so as to correlate this with their corresponding transport properties. 
8.2.2 Degradation kinetics of PVDF membranes  
The hollow fibre membranes prepared from different types of PVDF raw materials 
exhibit different degrees of stability in NaOH aqueous solution. Although the reaction 
between PVDF and NaOH has been shown to initiate at low concentrations, 1 wt% 
NaOH in this study, the reaction may even occur at a lower concentration than this. 
During chemical cleaning or during operation of PVDF membranes in applications 
using NaOH solution, the NaOH solution could be more dilute, hence a detailed study 
on the degradation of PVDF membranes caused by the reaction between PVDF and 
NaOH would be useful. A study on the degradation kinetics of PVDF membranes 
with different treatment times and concentrations while fixing the specific surface 
area would be extremely beneficial in predicting the lifespan of the membranes. In 
addition, kinetic analysis of the degradation could also be performed by estimating the 
value of the activation energy [1]. 
8.2.3 The implementation of the simplified method 
It has been demonstrated in this work that the developed simplified method can be 
employed to fabricate PVDF flat sheet and hollow fibre membranes with improved 
hydrophilicity and water permeability. Therefore, the implementation of this method 
in membrane fabrication, involving other types of amphiphilic copolymer composed 
of a parent polymer that is similar to the membrane material and a hydrophilic 
monomer that can be easily dissolved in water, may provide an efficient route to the 
commercialisation of water filtration membranes with enhanced durability, properties 
and minimal processing costs. As the simplified method is a relatively newly 
developed process and the formation mechanism is extremely complex due to the 
presence of several substances, it is suggested that further research should be 
conducted into various basic aspects of the mechanism of membrane formation from a 
copolymer mixture.  
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APPENDIX A: Factors affecting membrane formation 
FLAT SHEET HOLLOW FIBRE  
•Spinning solution •Casting solution 
•Extrusion rate •Casting knife distance 
•Internal coagulation rate •Casting speed 
•Bore fluid medium •Evaporation time 
•External coagulation medium •Coagulation bath 
•Air gap 
•Spinneret dimension 
•Take-up velocity 
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APPENDIX B: Membrane preparation equipment 
 
 
B.1 Casting machine for flat sheet membranes  
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B.2 Spinning apparatus of hollow fibre membranes 
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APPENDIX C: Polymerisation equipment 
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APPENDIX D: Schematic diagram for pure water flux measurement 
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